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Abstract

The chloride intracellular ion channel (CLICs) proteins are atypical anion selective
channel proteins, as they are principally soluble proteins, with some members now known
to also demonstrate enzymatic activity. Structural studies demonstrate that the CLIC
proteins share strong structural homology with members of the glutathione-S-transferase
superfamily of enzymes, in particular the omega glutathione-S-transferase (GST-Q)
members.

The discovery that the CLIC proteins have the functional ability to act as glutathione
dependent oxidoreductase enzymes, also suggested a role for them as cell protective
proteins and antioxidants. Therefore, this PhD project aimed to further define the
functional activity of the CLIC proteins, in particular CLIC3 as one of more recently
identified members.

The principal findings of this PhD project include demonstrating for the first time that
CLIC3 has glutathione dependant oxidoreductase activity via its dithiol active enzymatic
site. In this study, we directly contributed to the finding that the extracellular activity of
transglutaminase-2 (TGM2) is regulated by CLIC3’s oxidoreductase activity, and their
interaction was dependent upon the redox environment. Furthermore, our in vitro studies
of CLIC3, were key in helping demonstrate a critical role for secreted CLIC3 in cancer
metastasis and tumour cell invasiveness.

To further investigate this oxidoreductase activity of the CLIC proteins we used a
bacterial cell model to probe their ability to protect cells against oxidative assault.
Recombinant CLIC proteins were expressed in bacterial E. coli cells, followed by their
exposure to the oxidising agent hydrogen peroxide (H202). Expression of CLIC1 by the

E. coli cells was found to provide increased tolerance of up to SmM H202, while CLIC3
XXII



afforded some protection, with no difference seen for cells expressing CLIC4. This work
for the first time demonstrates CLIC1 protein acting in antioxidant cellular protection.
The final part of this PhD project pursued the study of the CLIC proteins’
glutathionylation activity. Given their close resemblance to the GST-omega-1 proteins,
we hypothesised that members of the CLIC family would like them, be capable of
deglutathionylation activity. Using a synthetic peptide substrate, our in vitro studies
demonstrate members of the CLIC family have significant deglutathionylation activity
supporting a major role for them in the cellular gluathionylation cycle.

In conclusion, our results provided new insights into the functions of the CLIC proteins
as soluble enzymes, with functions in cellular antioxidant protective mechanisms. Most
importantly, it points to their role as post-translational regulators of target proteins via

their deglutathionylation activity.
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Chapter 1

Chloride Intracellular Ion Channel (CLIC) Proteins

1. 1 Chloride Ion Channels

All living cells are surrounded by phospholipid bilayer membranes that separate the cell
cytoplasm and its intracellular components from the extracellular environment.
Eukaryotic cells have additional intracellular membranes that separate their intracellular
organelles and create discrete compartments within the cell. These biological cell
membranes are composed of amphiphilic phospholipids, which have a hydrophilic
phosphate head group and a hydrophobic tail comprised of two fatty acid chains. Due to
this chemical structure, phospholipids spontaneously arrange into lipid bilayers when
exposed to aqueous environments. Their hydrophilic head groups remain in the outer
bilayer exposed to the aqueous environment, while the fatty acid tails pack together to

form a hydrophobic core (1, 2) (Figure 1.1).
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Figure 1. 1 Diagram of a model cell plasma membrane. Integral membrane proteins
(blue) span the phospholipid bilayer (red). The hydrophilic and the hydrophobic regions

of the phospholipid bilayer are arranged as two sheets of the membrane. Taken from (1).

Chloride ions are the most physiologically abundant and predominantly conducted
negatively charged ionic species and are essential for the normal functioning of most
cells. (3). Chloride ion channel proteins are found in all cell types ranging from
prokaryotes to mammalian cells. They are located within the plasma membrane of cells,
as well as on the membranes of intracellular vesicles, where they facilitate the
transportation of chloride ions across the lipid bilayer. These membrane transport proteins
are also amphiphilic and span the entire lipid bilayer. They have a hydrophilic surface
that is in contact with the aqueous solution or with the polar head groups of the membrane
phospholipids, and a hydrophobic belt that interacts with the alkyl side chains of the
phospholipid fatty acid chains in the hydrophobic core of the membrane (1, 4). It is via
this structural arrangement that these integral membrane proteins form channels in the
membrane, allowing the passage of ions into and out of the cells and which can open and
close or “gated” in response to certain stimuli or cellular conditions (5).

Ion channel gating is classified into three categories: voltage gated channels which open
and close due to changes in the membrane potential, ligand gated channels that are
activated by the binding of specific molecules to their active sites and a third group of ion
channels that are gated via mechanical stimuli, for example cell swelling or other
mechanical membrane perturbations (6). Chloride channels participate in and regulate
different cellular processes including pH regulation, trans-epithelial transport, and
regulation of cellular electrical excitability. Genetic abnormalities in the well
characterised chloride channel family, the CLC’s, results in a number of severe inherited

diseases such as myotonia, osteopetrosis, epilesy and deafness (7, 8) demonstrating the
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critical role these proteins play in normal cell and whole body physiology. The major
classes of chloride ion channels include: the gamma-aminobutyric acid (GABA) and
glycine receptor ligand-gated ion channels (9); the chloride ion channels (CIC) family of
proteins (9-11) ; the cystic fibrosis trans-membrane conductance regulators (CFTR) (12)
and the most recently discovered chloride intracellular ion channels, the CLIC proteins
9, 13, 14).

In mammals, there are nine CLCs. They are localised either in the plasma membrane or
on intracellular membranes and can have an ubiquitous or a more restricted tissue
distribution (15, 16). The mammalian CLCs 1-7, CLC-Ka, and CLC-Kb, have important
physiological roles such as controlling cell excitability (17) transporting chloride ions
through epithelial tissue (18) trafficking of receptors necessary for endocytosis (19) and
acidification of intracellular vesicles (20, 21). Additionally, mutations in human CLC
encoding genes give rise to muscle (22) kidney (21) and bone disorders (23).

The protein CLC-1 is expressed in skeletal muscles and regulates excitability. Loss of
function or mutation within CLC-1 causes muscle myotonia (24, 25). CLC-2 is broadly
expressed and plays several roles, including cell volume regulation (26, 27), neural cell
excitability (28), and transepithelial Cl ~ transport (29). CLC-3 is widely expressed and
has been suggested to encode (30) or regulate cell swelling (31). CLC-Ka and -Kb are
important for transepithelial transport in renal tubules, and mutations in their genes are
linked to renal diseases (17, 32). Other CLCs, (CLC-4 to -7) are mainly present in the
membrane of intracellular vesicles, including endosomes, lysosomes and synaptic
vesicles (5, 33, 34).

There are also other types of chloride channels including the Ca?* activated chloride
channels (CaCCs) which were first described in Xenopus oocytes in the early 1980s

involved in fertilisation (35). Subsequently, CaCCs were found in many other cell types



including neurons, epithelia, muscles, olfactory and photoreceptor cells (5). The most
recently discovered group of chloride ion channel are the intracellular chloride ion

channel family (CLIC) which are discussed in more detail below.

1. 2 Chloride Intracellular Ion Channel (CLIC) Family

The chloride intracellular channel proteins (CLICs) are atypical anion selective channel
proteins. Unlike classical channels (5), CLIC proteins are found in most tissues and cells
on their intracellular membranes rather than on the plasma membrane (35-37). CLIC
proteins are predominantly localised in the membranes of various intracellular organelles
including the nucleus (38) mitochondria (39) secretary vesicles (40) Golgi vesicles (41)
and endoplasmic reticulum (ER) (35).

Six CLIC members exist in humans: CLIC1, CLIC2, CLIC3, CLIC4, CLICS5 , CLIC6
(42) (Figure 1.2). All members contain an approximately 240 amino acid residue cassette
(43, 44). While, CLICS and CLIC6 are two larger variants, with an extended N (amino)

terminal domain (45).



Figure 1. 2 Structures of human CLIC family members determined by X-ray
crystallography. Secondary structural elements are colored and labelled according to
type. alpha-helix (cyan, HI-H9), beta-strand (purple, S1-S4) and random coil (pink). The
N-terminus and C-terminus are also labeled. Structures shown include CLICI1 (PDB:
IKOM), CLIC2 (PDB: 2R4V), CLIC3 (PDB: 3FY7) and CLIC4 (PDB: 2AHE). Taken

from (46).



CLIC and CLIC-like proteins have been found in other animal species and in plants.
Members of the CLIC family have also been identified in many vertebrates such as
amphibians, birds, fish and mammals. Six members of the CLIC family have now been
shown in vertebrates (CLIC 1-6). Members of the CLIC family display high sequence
similarity between them, ranging from 47% to 76% (43, 47) (Figure 1.3). There are also
known to be CLIC-like proteins in invertebrates, such as sea squirts, nematodes and
insects (1). The proteins EXL-1 and EXC-4 found in the nematode Caenorhabditis
elegans (C. elegans) share a sequence homology of about 43% when compared with
human CLICI1, while Drosophila melanogaster contains a single CLIC1-like protein
(DmCLIC) that shares a sequence homology of about 25% with human CLIC1 (43). Also
a single CLIC protein was found in the chordate Ciona intestinalis which has 45%
homology with the human CLICs (43).

Invertebrate CLIC proteins have lower sequence similarity to the human CLIC proteins
(48) and lack some of the conserved N-domain residues; they are also lacking the
glutathione (GSH) binding site (located at Cys24 in CLIC1) observed in the human CLIC
proteins (49). Instead, they have a divalent metal ion binding site (46, 50). In addition,
the invertebrate CLICs contain an extension in their C- domain (46). CLIC-like proteins
have now also been found in various plants such as Arabidopsis thaliana with a sequence

similarity of around 26% to human CLIC1 (51).
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Figure 1. 3 Phylogenetic analysis of CLIC proteins. The phylogenetic tree of vertebrate

CLIC and invertebrate CLIC-like proteins, branches are colored according to the key on

the left. Adapted from (43).
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Table 1. 1 summarizes the molecular mass; tissue expression and localisation;

cellular roles and molecular functions of human CLIC proteins.

Protein

CLIC1
(NCC27)

CLIC2

CLIC3

CLIC4
(p64H1)

Sub cellular localisation and AA
tissue distribution

-Expressed in most body tissues. 241 26.9
-Plasma and nuclear membrane.

-Intracellular vesicles.

- Cytoplasm and nucleoplasm.

-Expressed in most body tissues, 243 28.2
except brain.

-Plasma membrane and cytoplasm.

-Highly expressed in the spleen and

the lungs.

-Predominantly localise to nucleus 207 26.7
and cytoplasm.

-Highly expressed in lungs, heart and

placenta.

-Low expression in kidney, skeletal

muscle and pancreas.

-Plasma, intracellular membranes, 253 28.6
endoplasmic reticulum, mitochondria

and the cytoplasm of keratinocytes.

-Neurons and apical region of

proximal tubule cells.

-Highly expressed in brain, lungs,

liver and skin.

Molecular
length mass
(kDa)

Cellular roles and molecular
function

References
32,36,38,40,59,6
5,71-75

-Ion channel activity.

-Cell division and apoptosis.
-Cell cycle regulation.
-promotes cell motility and
invasion.

-Biomarker for colorectal
cancer.

- A putative therapeutic target
in Alzheimer’s disease and
cancer therapy.

-Associates with

AKAP350, PPIy2, Sedlin,
LSM1

-Functioning as an enzyme.
-Ion channel activity.
-involved in the regulation of
cardiac ion channels by
modulating the activity of RyR.
-Diseases linked to

Xq28, Mental retardation.

44,71,76

-Chloride channel activity.
-Regulation of cell growth
control.

-Protein binding.
-Regulation of cell
proliferation.

- linked to ERK7, a mitogen
activated protein kinase (MAP-
kinase).

-The absence of CLIC3
functioning as a chloride
channel makes cells more

71,77,115,133

prone to Listeria infections.
-Expressed in bladder cancer
and a peptide (CLT1) is able to
kill bladder cancer cells
through integrin a5B1 integrin
and CLIC3.

- Acts as an enzyme.
-Chloride channel activity.
-involved in angiogenesis and
acidification of cells.
-induces apoptosis in several
cells including human
keratinocytes.

-Cell differentiation and
cytoskeleton organisation.
-Associates with tubulin,
dynein intermediate chain
(DIC), dynamine 1, and actin,
AKAP350, PPIy2, and
Importin-a, Histamine (H3R).
-Appears to act as enzyme.

38,52,62,69,76
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CLIC5A -Microvillus cytoskeleton. 251 32 -Chloride channel activity. 41,70,72,78,79

-Cortical actin cytoskeleton. -involved in formation of stereo
(P62) . o
-Golgi apparatus. cilia.
- Ion absorption and secretion.
-Golgi apparatus. 410 46.5 -Development of the organ of
CLICSB ;
. -Plasma membrane. corti.
(P64) -Cytosol of Hela cells. -Associates with actin, erzin,
-Post-acrosomal region of sperm head. gelsolin, IQGAP1, PHR and
- Placenta. PPIy2.
CLICé6 -Associated with C-terminus of 704 73 -Chloride channel activity.
Dopamine D2- like receptor. -Involved in the regulation of 71,80
-Cytoplasm and plasma membrane. body fluid via chloride ions
-Expressed in the brain, liver, placenta transport.
and the pancreas. -Dopamine receptor binding.

-Involved in the secretion of
hormones from cells in
pituitary gland.

-Associates with D2/D3/D4
dopamine receptor and PHR.

1. 3 Structural Characteristics of the CLIC Proteins

1.3. I The N- and C-terminal Domains of the Protein CLIC1

CLIC1 consists of 241 amino acids with a molecular weight of 26.9 kDa (47). CLIC1 is
a monomeric protein and contains ten a-helices and four B-strands, resulting in 47.7% o-
helices and 8.3% B-strands in its secondary structure according to X-ray crystallography
studies (49). The X-ray crystallographic structure of the soluble form of CLICI,
determined at a resolution of 1.4A at pH 5.0, was determined to have dimensions of
approximately 5.5 nm, 5.2 nm, 23 nm (49). As seen in (Figure 1.4). CLIC1 is comprised
of two domains: an all a-helical C-domain and a thioredoxin N-domain. The N-domain
includes all four strands of mixed B-sheets (strands 1, 2, B3 and f4) and three a-helices
(al, 02, a3). The C-domain contains a-helices a (4-10) as well as an anionic “foot loop”
that is a characteristic feature of the CLIC proteins.

For CLIC1, the active site is located in the N-terminal- domain and contains a central

active cysteine residue (Cys24 in CLIC1) (47, 49). It was demonstrated that the presence
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of this Cysteine residue is important for the ion channel activity by most of the human

CLIC proteins (47).

52 A°

Acidic loop
region

55 A°

N-terminal domain C-terminal domain

Figure 1. 4 Crystal structure of CLICI. Crystal structure of reduced CLICI. The N-
terminal domain containing the thioredoxin fold is indicated in purple and blue and the
all a-helical C-terminal domain is indicated in green and yellow. The proline-rich loop
connecting the two domains are indicated in grey. The active site Cys24 is indicated in

orange. The single tryptophan residue, Trp35 is in red and the eight tyrosines (two in the
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N-terminal domain and six in the C-terminal domain) are in black. The negatively
charged loop is shown in yellow and the helix that is considered likely to traverse the

membrane is indicated in blue. This was modified from (49, 52).

CLIC1 contains a single tryptophan, Trp35, at the putative N-terminal transmembrane
domain. Furthermore, eight tyrosine and six cysteine residues are distributed throughout
the CLIC1 protein molecule. There is also a proline-rich loop (Cys89-Asn100) connecting
the N- and C- domains. This proline-rich loop is the origin of the domain interface
plasticity in the protein’s structure (49). It was proposed that the N-domain would need
to move away from the C-domain, to initiate membrane insertion of CLIC1. As such, the
loop which leads to flexibility between the two domains is likely to be involved in the

transition between the soluble and the transmembrane forms of CLIC1.

1.3. 2 The Putative Transmembrane Domain of CLICI

CLIC proteins contain two hydrophobic regions: first is the putative transmembrane
domain and the second is the proline rich interdomain loop (53). The N-domain of CLICI
has the putative transmembrane domain (PTMD) located between Cys24 - Val46, and
spanning a-helix 1 and B-strand 2 (50) (Figure 1.5). The PTMD arises from the
hydrophobicity and the a-helical propensity in the N-domain (53, 54). The PTMD for
CLIC1 was found to form a network of contacts between the al, 03 and a5 helices via

the residues Glu81-Arg29 and Glu85-Lys37 (55).
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Human 24 46

cLic1 CPSFQRLFMVLWLKGVTFNVTTV
cLic2 CPFCQRLFMILWLKGVKFNVTTV
CLIc3 CPSCQRLFMVLLLKGVPFTLTTV

cLica CPFSQRLFMILWLKGVVFSVTTV
CLIC5 CPFSQRLFMILWLKGVVFNVTTV
CLIC6 CPFSQRLFMILWLKGVIFNVTTV

Figure 1. 5 Structure-based sequence alignment of the putative transmembrane
domain (PTMD) of the CLIC proteins. The PTMD at the N-terminal domain is conserved
amongst all the human CLIC proteins. In CLIC1 the PTMD starts from Cys24 to Val46.
(49).

The PTMD joins al and a3 helices of the N-domain with the a5 helix in the C-domain,
by spanning the two domain interfaces. In the PTMD of CLIC1, there are two conserved
phenylalanines (Phe26 and Phe41), with ten non-polar residues (Leu30 to Val39) located
between these two conserved phenylalanine residues. The remaining six to seven are polar
residues. Furthermore, the presence of the unique Trp35 in the amphipathic al helix is
the main contact element forming the putative transmembrane domain and making the
most contacts between domain 1 and domain 2 (56).

There is a proline rich interdomain loop in CLICI protein has been located at the C-
terminal domain and mostly comprising a- helix 6 and part of the loop preceding it (53).
The presence of these two hydrophobic regions in CLICI protein are the connection
between the N- terminal and C-terminal domains (49). It has been demonstrated that the
modulation in the proline- rich loop and the relative orientation of the two domains are

inter-connected and supply abundant flexibility, which can potentially act to simplify the
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structural rearrangement of the soluble monomeric structure into an integral membrane
form.

The PTMD has a crucial role in the biophysical properties of the ion channels function of
the CLIC proteins. Mutations in these regions can affect different features of ion channels
like their conductance, gating or ion selectivity (57, 58). Mutations in the transmembrane
domain caused by replacing the two charged residues (Arg 29 Ala and Lys 37 Ala) where
created in CLIC1. These mutations were evaluated by using different methods including:
artificial lipid membranes and cell — attached and whole — cell electrophysiological
recordings of transiently transfected HEK cells (55). The results showed that changing
the only charged residues in the putative transmembrane domain of CLIC1 with neutral

alanine, lead to alteration in its electrophysiological ion channel properties (55).

1. 4 CLICs as membrane proteins

Several proteins have now been found to exist in both soluble and membrane-bound
forms. These proteins have a property that distinguishes them from typical membrane
proteins, as they are soluble proteins without a leader sequence for membrane targeting
but are able to insert into or associate with membranes. These proteins include some of
the bacterial toxins (59), porins (60), the eukaryotic proteins Bcl-2 (61-63), Bax (64) and
the CLIC family (65).

CLIC1 exists both in soluble form and as an integral membrane protein, however it also
possess the unusual ability, to shift between two stable tertiary protein conformations, an
ability described as “metamorphic” (66). These two soluble forms have been resolved by
X-ray crystallography, as the reduced monomeric form (67) and in its oxidized state (67).
However, much less is known about the structure of the integral membrane form. Also,

the mechanism of CLIC1 membrane-insertion remains unknown.
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The crystal structure of soluble CLIC1 was solved in reducing and oxidising
environments by Littler and colleagues (47). This indicated that under reducing
conditions CLIC1 adopts a monomeric GST-like structure, containing a glutaredoxin-
like active site. However, in an oxidative environment, CLIC1 adopts a non-covalent
dimeric state. The dimer form arises via the formation of an intramolecular disulphide
bond between cysteine 24 and cysteine 59 within each monomer. The assumption of the
dimeric state entails dramatic structural changes, where most of the N-terminal domain
adopts a different secondary and tertiary structure. It was shown that CLIC1 undergoes a
conformational change to insert into artificial bilayers. A study using fluorescence
resonance energy transfer (FRET) spectroscopy to measure the distances between the
tryptophan in position 35 located in the N-terminal domain (suggested to be
transmembrane domain) and the three conserved cysteines (Cysteine 89, Cysteine 178
and cysteine 223) located in the C-terminus in the presence of membranes or in aqueous
solution. This indicated that in the presence of a lipid bilayer conformational unfolding
occurs between the N- and C-terminus, which was not observed in aqueous solution (68).
The insertion of CLICI into the membrane has been shown to be regulated by redox
conditions (43, 47, 67, 69). The putative trans-membrane domain is very important in
membrane insertion of CLIC1, especially the putative trans-membrane domain which is
formed by residues Cys24 — Val46 (49). Furthermore, a study using CLIC- like protein
showed that the first 55 residues at the N-terminal are very important for membrane
insertion with the tryptophan (Trp/W35) residue localised within the membrane (50)

(Figure 1.6).
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Figure 1. 6 Membrane insertion model of CLICI protein. The N-terminal domain of
CLICI inserts into the lipid bilayer (highlighted in blue), while the C- terminal domain

remains cytoplasmic (highlighted in red). Taken from (70).

Oxidizing conditions have been shown to enhance CLIC1 channel activity, as well as its
insertion into artificial membranes. The N-domain of CLIC1 contains a glutathione
(GSH) binding site, with an active Cysteine located within this site, (Cys24). which is
located at the beginning of helix a2 in the N-domain (49). Furthermore, it has been
suggested that CLIC1 may use its GSH-binding site to recognise the mixed disulfide bond
of some GSH-modified proteins and thus target the chloride channel to a specific
subcellular location (49). This however is not supported by mutation studies that show
the CLIC1 C24A mutant is still able to insert into membranes, even though the critical
Cys24, assumed as the redox control of insertion was removed (69).

Under oxidizing conditions, CLIC1 has been shown to form a reversible non-covalent
dimer with an intramolecular disulfide bond between Cys24 and Cys59 (Figure 1.7 A)
(47). The dimer structure is reversible, demonstrated by conversion of dimeric CLIC1
protein back to its monomeric state when exposed to 5 mM of the reducing agent DDT

(47).
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The dimer seems to preferentially be formed only the absence of lipids, while in the
presence of a lipid membrane, the newly exposed hydrophobic surface of CLICI
monomers under oxidizing conditions prefer to interact with the membrane (47). The
dimeric CLIC1 has been demonstrated to undergo a dramatic structural rearrangement
from its monomeric state. Instead of the four B-strands, the N-terminal domain becomes
all a-helical and loops to form a hydrophobic interface. Two soluble CLIC1 monomers
can thus interact via their hydrophobic interface, to form a CLIC1dimer (Figure 1.7 B).
From this, it has been suggested that CLIC1 adopts a structure similar to this dimer
structure, exposing it hydrophobic interface to then insert into the membrane (43). This
is supported by evidence showing that both monomeric and dimeric CLIC1 have the
ability to insert into the membrane and form functional ion channels in artificial

membranes (47).
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CLIC! dimer

Figure 1. 7 The oxidized CLICI dimer.

A) The all alpha-helical CLICI dimer showing the location of critical cysteine residues
(Cys24 andCys59) that form the intramolecular bonds that is unique to CLICI. The two
subunits are shown in cyan and green.

B) The CLICI monomer is shown coloured by secondary structure elements, with the
location of Cys24 and Cys59 labelled. CLICI undergoes a redox controlled structural
rearrangement which facilitates the formation of a disulphide bond between Cys24 and

Cys59, which is shown in the CLICdimer subunit.

Interestingly, the oxidation of monomer enhances the insertion of CLIC1 protein into the
membrane compared with the oxidation of dimer (67). It was concluded from this, that

the dimerization process is likely to not be essential for membrane insertion (67).
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Furthermore, the formation of dimer by the strong interaction between the hydrophobic
interfaces may even cause steric hindrance for subsequent CLIC1 membrane insertion
(67). Further evidence suggesting that redox state is not the central regulatory mechanism
for membrane insertion comes from the fact that the Cys59 residue involved in stabilising
the CLIC1 dimer structure, is not conserved in any of the other five human CLIC proteins.
It is thus, difficult to confirm the role of the intramolecular disulfide bond in membrane
insertion of the CLIC family.

Additionally, EXC-4 - the CLIC-like protein found in C. elegans - can localise to luminal
intracellular apical membranes and a 66 amino acid residue of the N-terminal domain is
required for this. This N-terminal helical portion of the protein has therefore been termed
a putative transmembrane helix (48, 50). Furthermore, studies of CLIC1 suggest that
CLIC proteins might only insert into lipid bilayers under oxidising conditions. However,
Singh and colleagues have found that CLIC4 inserts into membranes under both oxidising
and reducing conditions (71). Consistent with this, CLIC2 inserts into membranes at
lower pH and in a way that is insensitive to redox state (72). Therefore, further studies
need to be conducted to identify under which conditions specific CLIC family members
insert into the lipid bilayers and whether the insertion into the membrane has any

physiological role in vivo.

1.4. 1 The Role of Sterols on CLIC1 membrane insertion

Most eukaryotic cells contain and synthesize sterols. Cholesterol is the unique sterol of
vertebrates, while ergosterol is the major sterol of most fungi, some unicellular algae and

higher plants (73) (Figure 1.8).
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Sterols are membrane constituents and play an important role in lipid biosynthesis
pathways. It is well-known that sterols play a crucial role in condensing the membrane

bilayer by regulating membrane fluidity and permeability (73, 74).

Cholesterol Hes Frzosternl

Figure 1. 8 Structure of cholesterol and ergosterol.

There are known amiphitropic proteins, such as, the cholesterol-dependent cytolysins
(CDCs) which have the distinct ability to post-translationally insert spontaneously into
lipid membranes (38). These proteins are a type of pore forming toxins (PFT) that include
proteins such as listeriolysin, streptolysin, perfringolysin and pneumolysin, and are
generally secreted by species of gram-positive bacteria (75). As previously described, the
CLIC proteins are also considered an example of spontaneously inserting membrane
proteins.

A recent study by our group at UTS investigated the ability of the membrane auto-
inserting proteins, such as o-hemolysin, listeriolysin-O and CLIC1, to form conductive
channels in a tethered lipid bilayer system. The functional channel activity of these
proteins was determined by using impedance spectroscopy, where the changes in the lipid
bilayer conductance demonstrate the proteins functional activity upon insertion (76). The

results showed that the different concentrations of cholesterol in the membrane affect the
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ability of CLIC1 to form conductive channels in the tethered bilayer membrane. In
addition, Langmuir monolayer file experiments confirmed the importance of cholesterol
for CLIC1 to auto-insert into the membrane (76).

The motif GXXXG (at position, GI8AKIG22) is present in the amino acid sequence of
CLIC1, adjacent to its putative transmembrane domain and found to be highly conserved
among the members of the human CLIC family. It has been speculated that this motif
may be involved in CLICs interaction with the cholesterol and may play a crucial role in
the assembly of multimeric structure of CLIC1 in membranes. In addition, the presence
of cholesterol facilitates the transition of soluble CLIC1 into membranes to form an ion
channel conductive state (76).

The motif (GXXXGQG) is also present in members of the CDCs such as listeriolysin 529aa
protein (G91YKDG95) and perfringolysin-O 499aa protein contains two copies of the
motif (G68KKAG72 and GI151KVSGI155) and intermedilysin 532aa protein
(G163LKNG167). This same motif is also present in the a-hemolysin 240aa protein
(G84ASTGS8S). In addition, the amino acid lysine (K) is present in the CLIC1 and all of
the CDC family members. This indicates that the motif GXXXG, likely has a crucial role
in the membrane interactions of these proteins and their associations with the cholesterol

(76).

1. 5 Structural Similarities between the GST Superfamily and CLIC Protein Family

Most recently, the CLIC family has been classified as belonging to the glutathione-S-
transferase (GST) protein super-family. The GST super family is a group of soluble
homodimeric proteins with a thioredoxin fold in their N-domain and an all-helical C-
domain. Based on structural predictions using its primary sequence by Dulhunty et al.,

(45), CLIC1 was proposed to be a member of the GST super family. This was then
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confirmed by Harrop et al, 2001 (49) who determined the crystal structure of CLICI,
showing the characteristic structural fold of the GSTs was also adopted by the CLIC
proteins.

The GSTs are grouped into classes including alpha, beta, delta, epsilon, theta, zeta, mu,
pi, tau and omega (Figure 1.9). Members of this super family are mostly found to exist as
dimeric proteins in the cellular cytosol, with a molecular weight of around 24-25 kDa for

each subunit (77, 78).
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Figure 1. 9 Dendrogram of the GST super family. Sequence relatedness between the
members of the CLIC family adapted from (79) And the members of the GST family
adapted from (80). This was modified from (79, 80).
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CLIC1 most closely resembles the human Omega-GST-1 (GST Q1-1); they have similar
number of amino acids, approximately 241 (Figure 1.10) (47, 49). Furthermore these two
proteins contain a single cysteine residue (Cys24 in CLICI and Cys32 in GST QI-1) in
their active sites and have the ability to form a mixed disulphide bond with glutathione
(47, 49, 81-83). In addition, the inhibitor indanyloxyacetic acid-94 (IAA94) which

inhibits the function of the CLICs, is also, an inhibitor for the GSTs (84).

A)GST-Q 1 B) CLICI

Figure 1. 10 Comparison of A) GST Q 1-1 and B) CLIC1 structure. CLIC1 and GST Q
1-1 consist of N-terminal domain with the thioredoxin indicated in gray in GST Q -1
and in green in CLICI. The all a-helical C- terminal is indicated in red in GST Q 1-1

structure and in blue in CLICI (47, 82).

1. 6 Antioxidant and deglutathionylation enzymes

Glutathione exists in virtually all cells in the millimolar concentration range. It is the
major non-protein thiol compound that acts as an inherent antioxidant, and works together

with oxidized glutathione (GSSG) as an intracellular redox buffer (85). GSH is a
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tripeptide, containing a cysteine, a glutamate and glycine held together through unusual
peptide bonds, in which the carboxyl group of the glutamate side-chain is linked to the
amine group of cysteine. While, the carboxyl group of cysteine is linked to the amine
group of glycine in a conventional manner.

In mammalian cells, the concentration of GSH ranges from 1~5 mM depending on the
cell type. The majority exists in the form of GSH with only a small portion existing as
GSSG. ROS tend to accept electrons so that GSH acts as an antioxidant by serving as an
electron donor. In this process, glutathione is turned into GSSG. Under physiological
conditions, the GSH: GSSG ratio is around 50:1 to 100:1 but this ratio can change
drastically in pathological conditions e.g., oxidative stress.

Glutathione can also be added/removed from target proteins via a process known as
de/glutathionylation which is catalyzed by specific enzymes. Glutaredoxin (Grx) is
suggested to be the major deglutathionylating enzyme in mammalian cells (86, 87). The
mammalian cytosolic form of Grx (Grx1) is exclusively selective for protein-SSG
compared with other forms of disulfides (e.g. S-S disulfide bond, S-nitrosylation, etc.). It
is very effective in reducing protein-SSG, thus is considered as a specific
deglutathionylating enzyme. Moreover, in Grx1 knockout mice, no deglutathionylating
activity was detected (86), further supporting this critical role. Besides Grx1, other
enzymes have been implicated in deglutathionylation or serving in antioxidant defence
system, including thioredoxin (Trx2), peroxiredoxins (Prx3/5), thioredoxin reductase
(Trxr2), glutathione reductase (GR). However, the specificity and the specific substrates
of these enzymes are still not well understood (88).

Thioredoxin and Glutaredoxin proteins share a number of structural similarities. Their
active site residues are located within their N-terminal domain (89). Based on their own

disulfide reducing system, the thioredoxin system (90) and the glutathione system (91)
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play a crucial roles in cell metabolism and DNA synthesis (92) and in redox control for
cellular function (93).

Both NMR spectroscopy and the X-ray crystallography have been used to investigate the
structures of dithiol and monothiol Glutaredoxin. Structurally, the Glutaredoxins belong
to the Thioredoxin fold family of proteins. This motif is composed of a four stranded B-
sheet surrounded by three a- helices (Figure 1.11), which is also conserved by the GSTs
and the CLICs proteins. The active enzyme site which is located within this fold is, called
the G-site (86) and it commonly utilizes the N-terminal cysteine as its active residue. Both
Thioredoxin and Glutaredoxin families share similar active site motifs either the dithiol

(Cys-X-X-Cys) or monothiol (Cys-X-X-Ser) motif (94).

active site
g

Figure 1. 11 Glutaredoxin structure. Bacterial glutaredoxins exhibit the most basic
representation of the thioredoxin fold (left site). The structure of oxidized E. coli Grxl1 is

shown. Taken from (94).

This glutaredoxin- like motif with a redox-active cysteine residue is present in the CLIC
proteins. It can form a disulphide bond with GSH, similar to the GSTO Q1-1 class of

proteins (43, 49). This active cysteine is frequently contained within a CxxS or CxxC
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motif which is located at the N-terminal domain. Most of the CLIC proteins contain the
CPFS motif; however, CLIC2 and CLIC3 are exceptions, as they contain the thioredoxin-
like motif with the double cysteine (CPFC). In CLIC2 and CLIC3, these two cysteines

are capable of forming an intramolecular disulphide bond (95) (Figure 1.12).

Grx-1l ——-—mmmmmmmm e MAQEFVNCKIQPGKVVVF IK--—=-——=~ PTCPYCRRAQEI 32
Grx-2 E----SNTSSSLENLAT---APVNQIQETISDNCVVIFSK--—-——-- TSCSYCTMAKKL 86
Grx-3 DIIKELEASEELDTICPKAPKLEERLKVLTNKASVMLFMKGNKQE---AKCGFCKQILEI 270
GST-Q SA------- RSLG---—--——— KGSAPPGPVPEG-—-————- SIRIYSMRFCPFAERTRLV 41
CLICl ——-—=——————————m——m—— o MAEEQPQVELFVKAGSDGAKIGNCPESQRLFMV 33
CLIC2 ——-—————————————mm MSGLRPGTQVDPE IELFVKAGSDGESIGNCPECQRLFMI 39
CLIC3 ————————m——m e m oo KLQLFVKASEDGE SVGHCPSCQRLFMV 48
CLIC4 ALS--M-—-———————————— PINGLKEEDKEPLIELFVKAGSDGESIGNCPFSQRLFMI 44
CLIC5 T---=—=———=———————————- DSATANGDDSDPE IELFVKAGIDGESIGNCPFSQRLFMI 41
CLIC6 AAR--VNGRREDG-------- EASEPRATLGQEHD ITLFVKAGYDGESIGNCPFSQRLFMI 478

Figure 1. 12 Conserved G-site motif in members of the CLIC family. Multiple sequence
alignment of human proteins: CLIC 1-6, GST-omega and Grx1-3. Highlighted in grey is
the glutaredoxin/thioredoxin active site motif (G-site) (Accession numbers: CLICI
(CAG46868), CLIC2 (CAG03948), CLIC3 (CAG46863.1), CLIC4 (CAG38532), CLICS
(AAF66928), CLIC6 (NP_444507), GST-omega (AAF73376), Grx-1 (BAA0O4769), Grx-

2 (AAK83089) and Grx-3 (AAH0528289) obtained from ClustalW.

Moreover, studying the crystal structure of the CLIC1/GSH complex, revealed that the
GSH group is poorly ordered and only makes a few contacts with CLIC1 (low affinity
binding) (42), this also led to the observation of the existence of an opening or an “empty
slot” located near the GSH binding site of the CLIC proteins (as shown in Figure 1.13)
(43, 49, 96). Above all, it was speculated that this empty site could be the binding site
for an extended macromolecular chain, perhaps a polypeptide molecule that may function

as a substrate.
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Figure 1. 13 Glutathione (stick model) in CLICI protein as shown with red arrow. In
addition to the existence of an opening or an empty site near the GSH binding site, this

can be a binding site for macromolecules or polypeptides. Taken from (43).

Using a range of substrates via in vitro assay systems, members of the CLIC family were
demonstrated to have oxidoreductase activity, this included the substrate
dehydroascorbate (DHA) to ascorbate (97). This demonstrated dehydroascorbate
reductase (DHAR) activity, supports earlier homology studies that deemed CLIC1 as
closely related to the plant DHAR proteins (98, 99). The plant DHARs adopt a three-
dimensional structure similar to the soluble form of CLIC1 protein (51, 98) (Figure 1.14).
It has been noted that CLIC-like DHAR protein, PtoDHAR?2 from the Populus tomentose
plant demonstrates oxidoreductase activity and that substitution of the Cys20 residue
which is located in its predicted GSH binding site resulted in abolishment of its reductase
activity (98). These studies are also supported by our studies for the CLIC1 mutant
(C24A), where its activity was diminished when the redox active site Cys24 was

substituted with an alanine residue. Further support that these are CLIC-like proteins in
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plants, arises from a study showing that cloning of the DHAR from Arabidopsis thaliana,
AtDHARUI, and transiently expressing the protein in mammalian cells resulted in CLIC-

like ion channel activity (51).

CLIC1 PtoDHAR2

Figure 1. 14 Structural comparison of the N-terminal domain between PtoDHAR?2 and

the intracellular chloride channel proteins CLICI. Taken from (98).

1. 7 The Predicted Cellular Protective Effects of the CLIC proteins against Oxidative

Stress

Oxidative stress means an imbalance between reactive oxygen species (ROS) and the
availability and activity of antioxidants. Generally, oxidative stress is characterized by
overproduction of reactive oxygen species (ROS), which include: hydrogen peroxide,
superoxide radicals and hydroxyl radicals (100). These excess levels of ROS in turn result
in modification of lipids, proteins and DNA, which causes damage to cells and tissues
(101). Since oxidative stress is sustained in cell death and necrosis, it also plays an
important role in the pathogenesis of neurodegenerative disorders, cancer and
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cardiovascular diseases, and may be particularly important in pathologies associated with
inflammation (101).

ROS can induce various reversible oxidative modifications to target Cysteine residues of
susceptible proteins. Reversible modifications under moderate oxidative stress may
protect proteins against permanent damage and modulate their functions (102).
Modification of Cysteine residues results in their conversion to sulfonic or sulfenic acids,
and formation of intra- and inter- molecular disulfide bonds in proteins, as well as
formation of disulfide bonds between protein thiols and low molecular weight thiols such
as Cysteine and glutathione (GSH) in a post-translational protein modification process
called glutathionylation (102).

The Thioredoxins were the first antioxidants identified in cells, and are known to act as
general protein disulfide reductase enzymes (103, 104). Similarly Glutaredoxins have
been proposed to play a major role in the response to oxidative stress (105). Glutaredoxins
can protect cells against oxidative conditions, with evidence for a protective role of these
proteins reported via the use of biochemical (106, 107) and genetic approaches (108,
109).

Members of the Glutaredoxin family and the protein GSTQ1-1 are able to catalyse protein
glutathionylation in order to maintain cellular sulthydryl homeostasis (110). Glutaredoxin
proteins catalyse both the formation and the reduction of mixed disulfides between
protein thiols and GSH (111, 112). This indicates that the glutaredoxins also play a crucial
role in the reversible glutathionylation of proteins. Given structural studies have shown
CLIC1 binds GSH via an glutathione binding site (49) and the recent discovery that the
CLICs also have GSH dependent oxidoreductase activity (97, 113), it has been speculated
that glutathionylation is a mechanism by which the CLIC proteins may regulate their ion

channel activity and/or other cellular processes (43, 114).
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Due to high levels of GSH inside the cell’s cytosol, the intracellular environment is in
general, highly reduced. Significantly, oxidative stress can alter this environment
allowing exposed cellular thiols to become oxidized (115). Thiol oxidation causes a
significant production of reactive oxygen species (ROS) (103); increased generation of
ROS and superoxides, leads to cellular damage and can induce apoptosis. Therefore,
Gluathionylation, which is the formation of mixed disulfides bond between glutathione
(GSH) and a cysteine residue of protein, plays a crucial role in cellular homeostasis. It is
a post translational modification which controls protein function and also serves as a
reversible protective mechanism of protein thiols that can occur under oxidative stress
(105, 116), to protect cysteine residues from oxidative damage (110).

In plants, Ascorbate (ascorbic acid or vitamin C, AsA) is the major antioxidant and known
as a cofactor in many enzymatic reactions. Ascorbic acid provides a defence mechanism
against oxidative stress. Environmental stressors such as drought, salinity, ultraviolet
light and extreme temperature induce formation of reactive oxygen species. However,
AsA is continuously oxidizing the scavenging reactive oxygen species generated by
environmental stressors (117, 118). It has been reported that the overproduction of
oxidized ascorbate by dehydroascorbate reductase (OsDHAR) from Oryza sativa L.
Jjaponica increased the recycling of ascorbate, which catalyses the glutathione (GSH)-
dependent reduction of oxidised ascorbate (dehydroascorbate, DHA). Therefore, the
CLIC-like DHAR proteins in these plants, act to regenerate a pool of reduced ascorbate
and detoxify reactive oxygen species (119).

The work undertaken as part of this PhD project investigated the role of CLICs as cell
protective agents. For our studies, we have used a model system to test whether the CLIC
proteins can protect bacterial cells from such oxidative stress. Hydrogen peroxide added

to the growth media, was used to evoke such oxidative stress in the bacteria. According
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to our findings, CLICs were able to protect cells against oxidative damage (unpublished
data) and circumvent oxidative stress in a manner similar to Grx-1 (120).

These findings support the hypothesis that soluble CLIC proteins function as antioxidant
and as oxidoreductase enzyme in cells. It has been reported that some of the Glutaredoxin
systems participate in protection against oxidation or repairing sensitive sulthydryls for
maintaining an adequate redox state of proteins in the intracellular environment and thus
for regulating various cellular activities (105, 108, 121). Like the Grxs, CLICs appear to
exhibit similar oxidoreductase activity. From these results, one could speculate that
members of the CLIC family contribute to maintaining an adequate redox state of proteins
in the intracellular environment and via this process also serve to regulate a variety of
cellular activities.

In conclusion, the CLIC proteins, which are known to function as ion channels when
integrated into membranes, also demonstrate monothiol or dithiol (in the case of CLICs
2 and 3) glutaredoxin-like enzymatic activity when in their soluble form. This supports
an additional role for the CLIC proteins in the cellular processes of detoxification and
oxidoreduction. Furthermore, this PhD study provides direct evidence for the first time
of the role of CLIC proteins to protect cells against oxidative stress. This also suggests
that the enzymatic properties of the soluble CLICs may in turn also control the function

of the membrane channel form.

1. 8 CLICs and their role in cancer

The CLICs 1, 3, 4 have been shown, in one way or another, to contribute to the initiation
and/or progression of cancer. The following section will focus on what is currently known

about the roles played by individual CLICs in various cancers.
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CLICl is expressed in several cancers including ovarian carcinoma (100), hepatocellular
carcinoma (101), high grade gliomas (101), human breast ductal carcinoma (102), gastric
cancers (103), gallbladder metastasis (104) and nasopharyngeal carcinoma (105). In 2007
by Chen et al. (103), CLIC1 was found to be expressed in liver cancer and it was thought
to alter cell division and/or apoptotic signalling, resulting in cellular transformation.
CLIC1 was found to be upregulated in mouse hepatocellular carcinoma and this was
further associated with cell migration and invasion (106, 107). The presence of CLIC1 in
cancer cells has been associated with increased ROS production by NADPH oxidase, and
this can lead to CLICI1 translocation as well as alterations to chloride fluxes (108). ROS
levels are known to be fundamental for cell cycle progression. Therefore, at high ROS
levels CLIC1 has the potential to insert into the membrane, or conversely CLIC1 insertion
into the membrane is associated with increased ion flux which keeps ROS levels high.
This could promote cell cycle progression (109).

CLIC1 has been suggested to be important in the development of glioblastoma. CLICI is
highly expressed at the mRNA and protein level in glioblastoma, and its expression is
upregulated in high grade tumours compared to low grade tumours (101, 110). In
addition, silencing of CLIC1 in cancer stem cells injected into immune deficient mice
reduced their self-renewal capacity as well as their proliferation and migration (109).
CLIC3 is highly expressed in tumour cells of Estrogen Receptor ER-negative breast
cancers and in pancreatic adenocarcinomas, with high CLIC3 levels associated with
reduced survival in these cancer types (111, 112). These same studies found that CLIC3’s
association with tumour aggressiveness is likely attributable to its ability to control the
recycling of lysosomally-targeted a5SB1 integrin and MT1-MMP back to the plasma
membrane. Since then, other studies have been published associating CLIC3 with renal

carcinoma and bladder cancer. In bladder cancer an antiangiogenic peptide CLT1 forms
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complexes with fibronectin, killing proliferating cells through the a581 and CLIC3
pathway (113). The other study indicated that the plasma membrane sialidase NEU3
regulates the malignancy of renal carcinoma cells by controlling Bl integrin
internalisation and recycling. Silencing of NEU3 upregulates the Ras-related protein
RAB25. RAB25 directs internalised integrins to lysosomes. NEU3 silencing also
downregulates CLIC3 which induces the recycling of internalised integrins to the plasma
membrane. Therefore, silencing of NEU3 increased the B1 integrin endocytosis, but
blocked recycling and thus reduced B1 levels at the plasma membrane (114).

CLIC4 has been shown to be present in the tumour profiling of glioma (115), melanoma
(116), uterine leiomyoma (117) and bladder cancer (118). CLIC4 expression varied
considerably in these tumours. Moreover, CLIC4 expression has been associated with a
poor prognosis in colon cancer, and it is expressed in colon cancer stem cells (119).
Furthermore, CLIC4 has been identified as a circulating biomarker in patients with
ovarian carcinoma (120) and has been shown to be released in exosomes from ovarian
cancer cells (121, 122), where the level of circulating exosomes in ovarian carcinoma was
correlated with disease progression (123). Therefore, CLIC4 might be an ideal biomarker
to measure tumour progression.

CLIC4 is highly expressed in the tumour cells and its functions as a tumour suppressor,
but when it is expressed in the myofibroblast stroma, it is associated with tumour
progression (124). CLIC4 downregulation in osteosarcoma cells in vitro and in vivo, its
increased apoptosis and decreased cell proliferation, and this was enhanced following
TNFa administration (124). In addition, other experiments showed that CLIC4 was lost
in many tumours, but its highly expressed in the tumour stroma and led to malignant
progression. CLIC4 is lost in the early evolution of tumours and the re-expression of

exogenous CLIC4 in the tumour inhibited growth (125).
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Furthermore, CLIC4 might act as a tumour suppressor, because its presence makes cells
responsive to TGF-B-mediated growth inhibition, which in turn functions through
keeping SMAD in a dephosphorylated state (126). From these studies, it appears clear
that CLIC4 loss leads to tumour progression. Recently, other studies have shown that
following TGF-B treatment, CLIC4 is one of the most upregulated proteins in
myofibroblast stroma of breast cancer patients (127). Finally, CLIC4 has a major role in
the angiogenesis and this may be important to the stromal contribution to tumour growth

(128).

1. 9 Aims and Hypotheses of this Research Project

Members of the CLIC family have primarily been defined as intracellular ion channel
proteins, which have been implicated in various biological processes, including cellular
division (14), bone resorption (122), cell cycle regulation (37), p53-mediated apoptosis
(39, 123-125), kidney function (48) and cancer-related processes such as cellular

differentiation (126), tubulogenesis (48) and angiogenesis (127, 128).

In more recent times, the high structural homology between the CLIC proteins and
Glutathione-S-Transferase super family of enzymes and in particular the GST-Omega-1
group has been revealed. Comparison of the two proteins, CLIC1 and GST-omegal
shows they both contain a single cysteine residue (Cys24 in CLIC1 and Cys32 in GSTO
QI1-1) in their active sites and have the ability to form a mixed disulfide bond with
glutathione (47, 49, 81-83). Our group at UTS were the first to demonstrate via in vitro
assays that members of the CLIC family specifically CLIC1, CLIC2 and CLIC4, in their

soluble form, exhibit glutaredoxin-like enzymatic activity (97).
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Given the current knowledge of the CLIC proteins’ novel functions, beyond their well-

established ion channel activity, along with their fairly ubiquitous expression across

multiple cell types and evolutionary conservation across species, the current project

hypothesis is that:

The CLIC proteins’ play a fundamental cellular protective role against oxidative stress,

which is derived from their oxidoreductase enzymatic activity.

Therefore, this research project aims to:

1-

Demonstrate that like CLICs 1, 2 and 4, the protein CLIC3 also has intrinsic
oxidoreductase enzymatic activity.

This aim is achieved by preparing pure recombinant CLIC(WT) proteins and testing
their oxidoreductase activity using in vitro enzymatic assays typical of the
glutaredoxin enzymes, (specifically the glutaredoxin HEDS (2-hydroxy ethyl

disulfide) enzyme assay.

Determine the main structural residues that are involved in the enzymatic function
demonstrated by the CLIC proteins, in particular for CLIC3, examine the critical
active dithiol site cysteine residues and associated residues within the GST conserved
GSH binding site motif.

This will be undertaken by using mutant forms of the various CLIC proteins and

testing their in vitro activity in the HEDS assay.

Undertake cellular studies to investigate CLIC antioxidant functions. The oxidative

stress tolerance of cells expressing recombinant CLIC proteins (WT) and mutant
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forms will be examined. Exposing these cells to the oxidative agent (hydrogen
peroxide) and determining if expression of CLIC proteins provides any protective

advantage compared to control cells (105, 120).

E.coli bacterial cells transformed with genes coding for human CLIC protein will be
used as the model system. The cells will be exposed to the oxidative agent hydrogen

peroxide.

As previously mentioned, the CLIC family has been demonstrated to belong to the
glutathione-S- transferase (GST) protein super-family (129). Members of the
glutaredoxin and thioredoxin families act as detoxifying or stress response proteins
by forming mixed disulfides between GSH and target proteins or low molecular
weight thiols (a process known as glutathionylation) (110). It is now known that CLIC
proteins can catalyse oxidoreductase reactions that are GSH dependent and thus
similar to those catalysed by the GSTO1-1 and glutaredoxins, as such, their activity
may extend to protein glutathionylation. Therefore, it is likely that the CLIC proteins
can use their GSH-binding site to interact with specific protein targets in the cell (49)
as well as using this same mechanism to regulate their own channel gating, once

inserted into membranes (69). Therefore, this research project also aims to:

Determine if CLIC members can glutathionylate and/or deglutathionylate peptide /
protein targets and seek to identify putative cellular protein targets.

In vitro fluorescence based assays using a glutathionylated and/or deglutathionylated
synthetic peptide as a substrate will be employed. Identification of putative protein

targets of CLIC proteins can be achieved by using transfected CHO-K1 cell lines
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overexpressing CLICI, and screening for changes in glutathionylation of proteins
from whole cell lysates (WCLs) using western blots probed with an anti-GSH

(attached to protein) antibody.
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Chapter 2

Functional Studies to Confirm the Predicted Glutaredoxin-Like
Enzymatic Activity of CLIC3

Secreted CLIC3 drives cancer progression through its glutathione-

dependent oxidoreductase activity

This chapter describes work that demonstrates for the first time the chloride intracellular
ion channel protein CLIC3 also functions as an oxidoreductase enzyme in a manner
similar to the chloride intracellular ion channel protein family members CLIC1, 2 and 4.
This study formed part of a larger project undertaken in collaboration with the cancer
research team at the Beatson Institute, University of Glasgow, UK. The project results
were jointly published in the journal, Nature Communications. Full reference shown

below:

Juan R. Hernandez-Fernaud, Elena Ruengeler, Andrea Casazza, Lisa J. Neilson, Ellie Pulleine,
Alice Santi, Shehab Ismail, Sergio Lilla, Sandeep Dhayade, lain R. MacPherson, lain McNeish,
Darren Ennis, Hala Ali, Fernanda G. Kugeratskil, Heba Al Khamici, Maartje van den Biggelaar,
Peter V.E. van den Berghe, Catherine Cloix, Laura McDonald, David Millan, Aoisha Hoyle, Anna
Kuchnio, Peter Carmeliet, Stella M. Valenzuela, Karen Blyth, Huabing Yin, Massimiliano
Mazzone, Jim C. Norman & Sara Zanivan (2017) Secreted CLIC3 drives cancer progression
through its glutathione-dependent oxidoreductase activity. Nature Communications. 8:14206.

DOI:10.1038/ncomms14206. www.nature.com/naturecommunications.
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2. 1 Introduction

Living cells require energy to function properly under continuously fluctuating
physiological conditions (1). The cells maintain optimal metabolic conditions by
continuously adjusting their metabolism to these dynamic changes (2). Oxidation of
nutrients, such as glucose, fatty acids and amino acids, produces cellular energy in the
form of adenosine triphosphate, a main chemical energy carrier in all cells (3). Glycolysis
is a central carbon metabolic pathway in nearly all organisms, in which cellular energy is
generated by the degradation of glucose into pyruvate or lactate (3). Moreover, glycolysis

provides vitally important precursors for macromolecular synthesis.

In an aerobic environment, pyruvate molecules are transported to mitochondria and are
completely oxidized to carbon dioxide and water through the citric acid cycle and the
electron transport system with the release of energy. Under anaerobic conditions,
however, pyruvate is converted to lactate in order to regenerate oxidized nicotinamide
adenine dinucleotide (NAD+), a molecule necessary to continue glycolysis. Glycolysis
must be tightly regulated to maintain cellular metabolic balance and to optimize the

production of energy and essential cellular functions.

Although oxygen is essential for life, the normal cellular metabolic processes lead to the
generation of reactive oxygen species (ROS) which can in turn damage cellular
components (4). ROS may occur in the form of either free radicals, such as the highly
reactive hydroxyl radical (OHe) or they may be nonradicals such as hydrogen peroxide
(H202) (5-7). These ROS are the major causes of oxidative stress which usually occurs as

a result of an imbalance
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between ROS production and the scavenging activity of the cellular antioxidant defence
mechanisms (6).

A major intracellular antioxidant defense system is the non-protein thiol tripeptide
glutathione (GSH). Glutathione is an antioxidant consisting of y-glutamyl-cysteinyl-
glycine synthesized by v -glutamylcysteinyl synthetase (8, 9). The glutathione redox cycle
involves cycling between the reduced form of glutathione (GSH) and the oxidized
glutathione (GSSG) through reduction of GSSG by the enzyme glutathione reductase (10,
11), with the GSH/GSSG ratio being a good indicator of intracellular redox status (12).
Several other enzymes use GSH to detoxify radical species, including glutathione
peroxidases and glutathione S-transferases (13).

Thioredoxins as well as glutaredoxins have been conserved throughout evolution and
show significant functional redundancy. They are the key components of the thiol redox
systems that are involved in protecting cells against ROS (7, 14). Thioredoxins and
glutaredoxins are regarded as general disulfide reductases that also function in
maintaining the thiol redox homeostasis of the cell (15). Thioredoxins and glutaredoxins
play an important role in removing ROS from cells thus protecting the cell against
oxidative stress (16). The activities of these redoxins will be discussed in greater detail

below.

2. 2 Cellular Protective Mechanisms

2.2. 4 Thioredoxins

Thioredoxins (Trx) were discovered in 1964 as essential cofactors for ribonucleotide
reductase (RNR) (17). Thioredoxin together with thioredoxin reductase (TrxR) make up

the thioredoxin system, which is an essential regulator of the intracellular redox state.
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Thioredoxin is present in numerous species and possesses a conserved active site that is

characteristic of the thioredoxin superfamily (CxxC/S) (18).

Oxidised Trx

Oxidative NADPH

Stress TrxR

Reduced Trx

Figure 2. 1 Scheme of the thioredoxin antioxidant system in the presence of oxidative
stress. Oxidised thioredoxin (TRX) is reduced by thioredoxin reductase (TxrR) in the
presence of NADPH and re-oxidised under oxidative stress conditions or during

physiologically relevant reduction activities. This figure was adapted from (19).

In the thioredoxin system, electrons are transferred from NADPH through the activity of
thioredoxin reductase to the thioredoxin active site. Upon the reduction of a target protein,
this active site becomes oxidised (20) and thioredoxin reductase then recycles the
disulphide back into its dithiol form (18) (Figure 2.1). Thioredoxins play an important
role in the defence against oxidative stress by providing the necessary electrons for the

peroxiredoxins in the cell.

Interestingly, human Trx1 possesses three non-active site cysteine residues (Cys62,
Cys69 and Cys 73) in addition to their active site which have been implicated in the
regulation of the activity of this thioredoxin (21). Under oxidising conditions, a second
intramolecular disulfide distinct from the active site disulfide bond has been observed in

these thioredoxins (21, 22) which disrupts the interaction that occurs between thioredoxin
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and its target proteins and inactivates Trx1 activity (21). These non-active site cysteines
may also possess the ability to transfer electrons to peroxiredoxins (21). In summary,
thioredoxins work together with the peroxiredoxins in antioxidant activity, where

peroxiredoxins use electrons donated by the thioredoxin in scavenging intracellular ROS

7).

2.2. 5 Glutaredoxins

Glutaredoxin (Grx) is the most thoroughly characterized deglutathionylating enzyme (23,
24). Glutaredoxins were identified as GSH-dependent reductases when growth of a
thioredoxin mutant of E. coli was observed suggesting that another protein was able to
reduce ribonucleotide reductase (25). Glutaredoxins are evolutionarily conserved, heat-
stable oxidoreductases with active sites which contain one or two cysteine residues (26).
Depending on the number of cysteine residues at the CxxC/S active site, glutaredoxins
can be separated into monothiol or dithiol type glutaredoxins (27, 28). The glutaredoxins
can further be grouped based on their physiological roles, subcellular localisation and
biochemical properties (28). They are structurally all members of the thioredoxin
superfamily as they have a thioredoxin fold but are distinguishable from thioredoxins by
their specificity for GSH (28).

The monothiol mechanism requires only the N-terminal cysteine residue for the reduction
of the GSH mixed disulfides whereas the dithiol mechanism proposes the use of both of
the active site cysteine residues to reduce glutathionylated substrates. Interestingly, the
dithiol mechanism is also used for the reduction of low molecular weight and protein

disulfide substrates such as ribonucleotide reductase (29-31), refer to Figure 2.2 below.
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Figure 2. 2 Proposed mechanisms for glutaredoxin activity showing the
deglutathionylation of glutathionylated protein (PSSG) mixed disulfides catalysed by
glutaredoxins. The dithiol mechanism (A) shows the reduction of the intramolecular
disulfide (GrxSS) at the active site of the glutaredoxins by 2 GSH molecules forming
glutathione disulfide (GSSG) and recycling the reduced glutaredoxin (Grx-S-H). The
monothiol mechanism (B) shows the reduction of GrxSSG by GSH producing glutathione
disulfide (GSSG) as the second product and recycling the reduced enzyme (Grx-S-H) is
considered the rate-determining step. Shown in reaction 4 of this mechanism is a
connected side reaction which includes the formation of the intramolecular disulfide

(GrxSS) at the active site of the glutaredoxins (32).

Thioredoxins as well as glutaredoxins (Grx) have been conserved throughout evolution
and significant functional redundancy between these two systems has been recognised
with regards to ribonucleotide reductase (RNR) which reduces ribonucleotides to
deoxyribonucleotides (dNTPs), 3'-phosphoadenosine 5'-phosphosulfate (PAPS)

reductase and plasma GSH peroxidise activity (33). Normal aerobic growth is
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independent of either the thioredoxin or glutaredoxin branch individually, but when both
systems are inactivated, cells are unviable as these systems are essential for ribonucleotide

reductase activity (34).

2.2. 6 Glutathione-S-Transferases

GST proteins can be divided into at least 12 classes of proteins. They are multifunctional
enzymes that exist mostly in a dimeric form in the cytosol (35). GSTs are cytosolic
proteins which can catalyse the conjugation of a tripeptide (glutamine, cysteine, and
glycine) glutathione (GSH) to electrophilic regions of other molecules (36). This reaction
can occur through activation of the thiol group of GSH, which allows noncovalent, but
high-affinity binding to the substrate (37, 38). Therefore, like the thioredoxins,
glutathione transferases catalyse reduction of cysteine using glutathione as a source of
reducing equivalents (39). Several GST isoforms have also been reported to catalyze
protein deglutathionylation (40). In each case, non-glutathionylated pro-substrates (e.g.,
HEDS, S-sulfocysteine) were used to assess deglutathionylation activity. To become
glutathionyl mixed disulfides, these pro-substrates must first react with GSH, forming
BME-SSG or CSSG (23, 41). Importantly, this assay cannot distinguish between catalysis
of the glutathionylation step (RSSG formation, characteristic of a GST-mediated
conjugation) and the deglutathionylation step (RSSG reduction, characteristic of a
deglutathionylase such as Grx). Interestingly, Dal Monte et al. (1998) (42) observed that
bovine lens GSTy, catalyzes formation of BME-SSG from HEDS and GSH but has a
negligible effect on the rate of PME-SSG deglutathionylation. Furthermore, when a
protein-SSG substrate was used to test GST-mediated deglutathionylation, addition of
GST to a reaction mixture containing Grx did not augment the deglutathionylation

activity (43).
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As described in Section 2.2.2, Grx is known as the most specific and efficient catalyst of
deglutathionylation in mammalian cells. This catalytic activity has been demonstrated to
regulate diverse cellular processes, including metabolism, calcium homeostasis,

cytoskeletal reorganization, hypertrophy and inflammation (44).

2. 3 CLICs demonstrate structural and functional similarities to other

GST superfamily members

The first GST enzymes identified were associated with xenobiotic metabolism. However,
since whole genomes have been decoded, more and more proteins have been found to
belong to the GST fold superfamily. This includes the identification of several other
GSTs. Amongst the new additions, the CLIC protein family has now also been identified
as belonging to the GST superfamily, which despite their weak sequence homology
(15%) have strong structural and functional similarities in particular with the GST omega
(GSTO) proteins (45). Structural analysis studies have provided strong evidence that the

CLIC proteins should be considered part of the GST superfamily (37, 45).

A GST-fold is made up of two different domains. One of the domains is made up of the
a-helical C-terminal. The second domain has been described as the N-terminal
thioredoxin fold. Most of the thioredoxin proteins have an active site in which a redox-
active cysteine is located. This specific site is not present in all GST proteins (36). As
previously mentioned, the CLICs are comprised of a ~240 residue common cassette, that
adopts a GST superfamily fold (37, 45). The CLIC proteins’ globular form is comprised
of an N terminal thioredoxin domain, which contains four B-strands in between three o-
helices and is where the conserved glutaredoxin monothiol or dithiol motifis located (46).

A conserved active site cysteine in the N-terminal domain is found in all CLIC proteins
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(Cys24 in CLIC1). Structure / function studies confirm that the cysteine sits within the
proteins’ enzymatic active site. Furthermore, this active site cysteine likely becomes
activated by the protein itself and thereafter is capable of forming disulfide bridges with
GSH (47). Moreover, in CLICs 2 & 3 the ‘active site cysteine’ is adjacent to another

cysteine, thus forming a di-cysteine (dithiol) motif (Cys-X-X-Cys).

Experiments by our group at UTS in which 2-hydroxyethyl disulphide (HEDS) was used
as a substrate have recently demonstrated that CLICs 1, 2 and 4 have “glutaredoxin-like
glutathione dependent oxidoreductase enzymatic activity” (48), which was abolished in
CLIC1 following mutation of the putative ‘active site cysteine’. Moreover, the
indanyloxyacetic acid (IAA) and ethacrynic acid compound (IAA-94) and the drug A9C
known to inhibit the CLIC1 ion channel also inhibited the glutathione-dependent
oxidoreductase activity of CLIC1. Conversely, 4, 4’Di isothiocyano-2, 2’-

stilbenedisulfonic acid (DIDS) had no effect on CLIC1’s oxidoreductase activity (48).

The chloride intracellular channel protein 3 (CLIC3) was recently shown to be an
abundant component of the Cancer-Associated Fibroblast secretome (CAFs) (49).
Secreted CLIC3 was shown to promote invasive behavior of endothelial cells. This in
turn was shown to drive angiogenesis and increased invasiveness of cancer cells both in
vivo and in 3D cell culture models and it was found to require the presence of active
transglutaminase-2 (TGM2) (49). As part of this thesis, CLIC3 was demonstrated to act
as a glutathione-dependent oxidoreductase, which was used to support the above
mentioned findings by our collaborators, who showed that it acts to enzymatically reduce
TGM2 and thus regulates TGM2 binding to its cofactors (49). Our recent studies
demonstrated for the first time that CLIC3 is also a GSH-dependent oxidoreductase, with

a dithiol active site motif. This thesis describes these findings, which also confirmed the
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critical active site was comprised of cysteines 22 and 25. In combination with the fact
that CLIC3 controls the GSH-dependent reduction of TGM2 at specific cysteines, CLIC3

influences the binding of TGM2 to its regulatory cofactors (49).

In summary, it has become more apparent that CLIC proteins function as oxidoreductases.
Experiments in which 2-hydroxyethyl disulphide was used as a substrate have recently
indicated that CLICI, 2 and 4 have glutaredoxin-like glutathione-dependent
oxidoreductase enzymatic activity (48), which was inhibited by mutation of the putative
active site cysteine. Moreover, the indanyloxyacetic acid (IAA) and ethacrynic acid
compound (IAA-94) and the drug A9C that have been previously identified as CLIC
binding molecules termed ‘chloride channel blockers’, also inhibit the glutathione-
dependent oxidoreductase activity of CLICI1. In contrast, 4,4'-Diisothiocyano-2,2'-
stilbenedisulfonic acid (DIDS), a well-established chloride channel antagonist, which
does not block CLIC1’s channel activity, also had no effect on CLIC1’s oxidoreductase
activity (48) .

Given the recent work describing CLIC1’s glutaredoxin- like, glutathione-dependent
oxidoreductase enzymatic activity, and studies indicating the high level of structural
homology between CLIC proteins, GST-Q, Grxs and Trxs which are well-known
enzymes, we proposed that CLIC3 would also function as an oxidoreductase enzyme (37,
47). This chapter describes the investigations undertaken to ascertain this putative
enzymatic activity of the soluble form of CLIC3 using a set of assays typically designed

to measure the activity of glutathione-dependent enzymes.
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2. 4 Materials and Methods

2.4. 3 Chemicals and Reagents

All the chemicals used to perform the experiments in this research project are of high
analytical grades. All buffers and solutions were prepared using demineralised, ultrapure
water that was prepared with the Arium® Pro (Sartorius) water system. Ultrapure,
demineralised water for aseptic preparation of solutions and media was sterilised before
use by a steam autoclave (Systec DX-150). In addition, all antibiotics and solutions were
sterilised by filtration using 0.22 um Millex®GP filter sets (Millipore) and were stored in
-20°C until needed. The Escherichia coli BL21 (DE3) pLysS super-competent cells were
purchased from New England Biolabs® Inc. (Ipswich, MA). The plasmid DNA
QIAprep® Spin Miniprep Kit was purchased from QIAGEN (Australia).

All restriction enzymes used were purchased from New England Biolabs (NEB). Culture
media, sterile PBS, antibiotics, were obtained from Life Technologies (Gibco). Chemicals
used for treatment of mammalian cell lines were dissolved in cell culture grade DMSO
(Sigma Aldrich). Cholesterol (Chol) was purchased from Sigma Aldrich (Australia). The
following reagents used in HEDS enzyme assay were all purchased from Sigma Aldrich:
glutathione reductase (GR) from yeast, reduced glutathione (GSH), reduced nicotinamide
adenine dinucleotide phosphate (NADPH) and 2hydroxyethyl disulphide (HEDS),
indanyloxyacetic acid (IAA-94), Isopropyl-thio-B-D-galactopyranoside (IPTG),
Dithiothreitol (DTT), tris-2-carboxyethyl-phosphine (TCEP) and thrombin from bovine
plasma were purchased from Sigma Aldrich. HiPrep 16/60 Sephacryl S-100 HR GE
Healthcare column (pre-packed gel filtration column) was purchased from VWR

International (Queensland, Australia).
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2.4. 4 Methods

2.4.2. 7 Bacterial Strains and Plasmids

All plasmids were maintained and manipulated in bacterial strain Escherichia coli BL21
(DE3). The Escherichia coli BL21 cells transformed with pET-28a plasmid containing
the genetic sequence of the recombinant His-CLIC1 fusion protein was a gift from Dr S.
N. Breit, Centre of Immunology, St. Vincent’s hospital, University of New South Wales,
Sydney Australia. Glycerol stocks of Escherichia coli BL21 (DE3) transformed with the
CLIC1-pET-28a plasmid were streaked out on Luria broth/Kanamycin (LB/Kan) plates
and grown overnight in LB media supplemented with a 30 pg/ml Kanamycin at 37°C.
Clones were stored as 50% glycerol stocks at -80°C.

The pGEX-6P-1 plasmids containing the open reading frame for the proteins CLIC3-wt
and CLIC3-Cys22A (Cysteine 22 mutated to Alanine) and CLIC3-Cys22,25A (Cysteine
22,25 mutated to Alanine) mutants were obtained from Dr Sara Zanivan, Cancer Research
UK Beatson Institute, Glasgow G611BD, UK. These plasmids were transformed in
bacterial strain Escherichia coli BL21 (DE3) and streaked out on Luria
broth/Carbenicillin (LB/Car) plates and grown overnight in LB media supplemented with
a 30 pg/ml Carbenicillin at 37°C. Transformed clones were stored as 50% glycerol stocks
at -80°C.

The pGEX-4T plasmids containing the open reading frame for the proteins CLIC4-wt
was obtained from (Prof Paul Curmi group, School of Physics, University of New South
Wales, Sydney, Australia). The plasmid was transformed in bacterial strain Escherichia
coli BL21 (DE3) and streaked out on Luria broth/Carbenicillin (LB/Car) plates and grown
overnight in LB media supplemented with a 30 ug/ml Carbenicillin at 37°C. Transformed

clones were stored as 50% glycerol stocks at -80°C.
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For protein expression and purification purposes, respective clones were transformed into
bacterial strain Escherichia coli BL-21 (DE3) and grown under Kanamycin/Carbenicillin

selection.

2.4.2. 8 Plasmid DNA Preparation

Plasmid DNA was isolated from E. coli cells using a miniprep kit (QIAprep® Spin
Miniprep Kit from QIAGEN, Pvt. Ltd., Australia). In brief, cells were harvested, and
plasmids were extracted by alkaline lysis. Cells were re-suspended and lysed in 250 pl of
sodium hydroxide containing Reagent P1 followed by protein denaturation with 250 pl
of Reagent P2 containing SDS. The alkaline suspension was neutralized with 350 pl
sodium acetate (Reagent P3). The precipitate was then separated from the supernatant by
centrifuging the samples at 13000 x g for 10 minutes. The clear supernatant was
transferred into Qiagen spin columns. After centrifugation at 13000 x g for 1 minute,
DNA was retained on the spin column membrane which was then repeatedly washed with
Ethanol. The membrane was incubated in 50 pul DNase free sterile water for a minute prior
to elution by centrifugation. The purified plasmid was then quantified using a NanoDrop

ND-1000 spectrophotometer.

2.4.2. 9 Restriction Enzyme Digests

Plasmid DNA (less than 1ug DNA) was double digested with restriction enzymes as per
(NEB) manufacturer’s instructions. The digestion reaction was set up in a suitable buffer,
common to both restriction endonucleases. The reaction volume was made up with water
to a total of 10 pl for all digestions. The reactions were incubated at 37°C for two hours.
Final concentrations of enzymes, buffers and BSA were maintained at 1/10th the total

volume.
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2.4.2. 10 Transformation of plasmids into bacterial cells

Heat shock transformation was applied as previously described by Froger et al. (2007)
(50). Ligation reactions were transformed by adding 2 pl of plasmids into 50 ul aliquots
of competent E.coli BL21 (DE3) cells and incubated on ice for 30 minutes. Cells were
heat shocked at 42°C for 45 seconds and immediately returned to ice for a further 5
minutes. The cells were then incubated for 1 hour at 37°C with shaking, following
addition of 500 ul of LB media without antibiotics. Transformed cells were then plated
onto LB plates containing ampicillin and incubated overnight at 37°C to allow cellular
growth and stabilisation.

The mixture was centrifuged at 2500 rpm for 2 minutes. 100 pl of the culture was spread
on LB-plates supplemented with Kanamycin/ Carbenicillin antibiotics according to the
antibiotic resistance of transformed plasmids, then the plates incubated at 37°C overnight.
A single colony was selected and cultured overnight at 37 °C in 100 ml 2x YT media.
The plasmids of different CLICs proteins were isolated using the QIAprep® Spin
Miniprep kit (QIAGEN).

2.4.2. 11 Nucleic Acid Quantification

Nucleic acid concentration and purity was determined using a spectrophotometer
(Nanodrop Technology, Biolab). Concentration was measured in terms of the
corresponding optical density (O.D.) at a wavelength of 260 nm. Purity of DNA/RNA
was estimated by calculating 260/280. A ratio of approximately 1.8 is considered pure for

double stranded DNA.

2.4.2. 12 Agarose Gel Electrophoresis

In this study the BIORAD Mini-Protean gel electrophoresis system (Biorad, Australia)

were used to run the products of digested plasmids by restriction enzyme. Gels varied
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from 0.8-1.5% in agarose concentration. Agarose (Sigma Aldrich, Australia) was
dissolved in 1X of TBE buffer (Tric, Boric acid and Ethylenediaminetetraacetic acid
EDTA) by gradual heating. The solution was allowed to cool to 50°-60°C before adding
0.02% Gel Red, a DNA binding dye that allows visualization of DNA by UV illumination.
DNA samples were diluted with 6X loading dye in a 1:10 ratio prior to loading. The gels
were run in the 1X TBE buffer that used to prepare the gel at 65V for approximately 1

hour.

2. 5 Expression and purification of recombinant CLIC proteins

2.5. 3 2xYT media for bacterial growth

We used the 2xYT media for the cultivation of bacteria Escherichia coli BL21 (DE3).
This medium is composed of yeast extract (10 g), bacteriological tryptone (15 g) and
NaCl (5 g) (Sigma Aldrich). These reagents were weighted, mixed and dissolved in sterile
deionized water to a final volume of 1 L and subsequently autoclaved for 40 minutes at

1.5 kg f/cm? at 122 °C.

2.5. 4 Production of Recombinant CLIC Proteins

2.5.2. 14 Small Scale Culture Preparation

Six individual sterile conical flasks containing 20 ml. of 2xYT media and 20 pl of
kanamycin antibiotic with stock concentration of 30 mg/ml (Sigma Aldrich) were
inoculated with 10 pl of bacterial growth taken from glycerol stocks of Escherichia coli
BL21 (DE3) cells (Stratagene, USA), transformed with the His-tagged pET-28a vector
(Novagen) containing the coding sequence for either the protein CLIC1-wt and mutants

CLIC1-Cys24S (Cysteine 24 mutated to Serine), CLIC1-29A ( Arginine 29 mutated to
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Alanine), CLIC1-37A ( Lysine 37 mutated to Alanine) were used in order to express the
recombinant protein. Furthermore, the GST-tagged pGEX-6P-1vector (New England
Biolabs (NEB) containing the coding sequence for the protein CLIC3-wt, CLIC3-
Cys22,25A (Cysteine 22,25 mutated to Alanine) and CLIC3-Cys22A (Cysteine 22
mutated to Alanine) were used in order to express the recombinant proteins. Additionally,
the pGEX-2T GST-tagged containing the coding sequence for either the CLIC4-wt and
Exc-4, were used to express the recombinant proteins. These small flasks were left to

grow overnight in a shaking incubator set at 200 rpm, at 37°C. (Table 1.1)
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Table 2. 1: A summary of the cDNA clones used to express recombinant human CLIC

proteins in Escherichia coli BL21 (DE3) bacteria and differences in their G-site motifs.

CLIC ¢cDNA Molecular | Conserved Vector Antibiotic Gene
Construct Weight G-site motif Plasmid Resistance .
Fusion
(kDa) Containing
Open Reading System
Frame
CLICIWT 26.9 C-P-F-S pET28a Kanamycin His-tagged
CLICIC24 A 26.9 A%-P-F-S pET28a Kanamycin His-tagged
CLIC1C24S 26.9 S?*_P-F-S pET28a Kanamycin His-tagged
CLIC1 K37 A 26.9 pET28a Kanamycin His-tagged
C-P-F-S
CLIC1IR29 A 26.9 pET28a Kanamycin His-tagged
C-P-F-S
CLIC3 WT 26.7 pGEX-6P-1 Carbenicillin GST-
C-P-S-C tagged
CLIC3 C22A 26.7 pGEX-6P-1 Carbenicillin GST-
2_p_q_
A?**-P-S-C tagged
CLIC3 C22A 26.7 pGEX-6P-1 Carbenicillin GST-
& C25A AZ-P-S-A%
tagged
CLIC4 WT 28.6 C-P-F-S pGEX-2T Carbenicillin GST-
tagged
EXC-4 27 D-L-F-C pGEX-2T Carbenicillin GST-
tagged
HcTrx-5 19.8 C-R-S-C pTrcHisB Carbenicillin His-tagged
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2.5.2. 15 Large Scale Culture Preparation and Protein induction

Each individual large flask containing 350 ml of 2xYT media and 30 mg/ml kanamycin
were inoculated with 20 ml. of small-scale bacterial cultures prepared as described above
in Section 2.5.1.1. The upscaled flasks were left to grow in a shaking incubator at 200
rpm at 37°C for 1.5 hours. Subsequently, once the bacterial growth achieved an optical
density (OD) at 600 nm value between 0.6-0.8, At that point, 1 ml of sample was taken
as an uninduced control. Then 1 mM of IPTG (Isopropylthiogalactoside) was added to
the media to induce the expression of the His-tagged proteins. Finally, the bacterial

cultures were incubated at 20°C for a further 16 hours with shaking at 200rpm.

2.5.2. 16 Harvesting the induced Escherichia coli bacterial cells

The next day, the induced cells were harvested by centrifugation using High Speed
Refrigerated Centrifuge (Hitachi CR22GIII) fitted with a rotor R13A rotor at 8000 rpm
for 30 minutes at 4°C. After centrifugation, the bacterial pellets were collected and pooled
in a 50ml falcon tube, the pellet was either stored at - 80°C for later use or resuspended
in about 15 ml of lysing buffer (300 mM KCI, 50mM potassium phosphate buffer pH 8.0
and SmM Imidazole). ] mM protease inhibitor cocktail (2 mM AEBSF, 0.3 uM Aprotinin,
130 uM Bestatin, 1 mM EDTA, 14 uM E-64, 1 uM Leupeptin) was added fresh per litre

of original culture and incubated at 4°C to initiate cell lysis.

2.5.2. 17 Lysing of Escherichia coli bacterial cells

The resuspended E.coli cells were subsequently sonicated on ice using the sonicator
(Sonics and Materials/Vibra- Cell Ultrasonic Liquid Processor) for 15-20 seconds per

cycle at 700 psi; until the viscosity of solution became greatly decreased. Afterwards, we
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add a 20% (v/v) Triton X-100 solution (8 ml. of H20 added to 2 ml of Triton X-100).
The 20% (v/v) Triton X-100 solution was prepared from the original stock of Triton X-
100 and then 1 ml of the 20% Triton X-100 solution was added to 25 ml of bacterial
homogenites. The sonicated cells were then collected and spun using at 10000 rpm for 40
minutes at 4°C. Then, the supernatant containing soluble proteins were transferred to a
50 ml. falcon tube and filtered through a 0.45 pum filter to remove any remaining cell

debris and kept on ice until subjected to further purification.
2.5.2. 18 First Stage of Purification of CLICI using Ni’* -NTA resin

The purification of recombinant His-tagged fusion proteins performed using the
Histidine-tagging method. This high specific affinity chromatography method was
designed using a specific ligand covalently immobilised on a suitable matrix (agarose).
Only molecules in the mobile phase that have an affinity for the immobilised ligand will
be bound to the column. This method is based on the selective interaction between soluble
HisCLIC1 fusion protein (located in the supernatant of Escherichia coli BL21 (DE3)
lysate) to Ni?* ions covalently bonded to the immobilised nitrilotriacetic acid matrix
(NTA), where Ni-NTA and His-CLIC1 are the immobilised ligand and the target
molecule, respectively (Figure 2.3). After binding to the immobilised ligand, elution of
the proteins was performed by introducing a competing agent such as imidazole or an
additional metal chelating agent (EDTA). Purification and all experimental procedures
were performed under reducing conditions, using 0.5 mM tris-2-carboxyethyl-phosphine

(TCEP) to prevent oxidative dimerization of the protein (51).
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Figure 2. 3 Schematic diagram showing the complex formed between the poly-

Histidine tagged protein and a Ni-NTA matrix (52).

A 2 ml Ni-NTA suspension (Bio-Rad) was packed in 10 ml Bio-Rad column and
equilibrated at 20°C with 10-column volumes (CV) of Binding buffer, pH 8.0 (300 mM
KCL, 50 mM KH2PO4, 10 mM Imidazole). The clarified lysate was loaded onto the
column and incubated at 4°C for one hour with mild agitation to allow optimum binding
between His-CLIC1 fusion protein and the Ni-NTA matrix. The soluble His-CLIC1
fusion protein in the supernatant of the Escherichia coli BL21 (DE3) lysate binds via the
His to the nickel beads while the rest of the protein solution passes through the column.
Hence, CLIC1-His fusion protein is isolated from other proteins produced by the
Escherichia coli cells. The column was subsequently washed with 10-column volumes of
the Binding buffers followed by Wash Buffer, pH 8.0 (300 mM KCL, 50 mM KH2PO4,
20 mM Imidazole) to remove any non-specifically bound proteins and any unbound His-
CLICI. Thereafter, a volume of 50 pl (1 U/ml) of bovine plasma thrombin per litre of cell
culture, was added to the His-CLIC1 fusion protein and incubated at 4°C for at least 16
hours with mild agitation. The column was sealed, and digestion was allowed to occur on
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a rotator for 16 hours at 4°C resulting in the cleavage of CLIC1 from the His tag and,
therefore, CLIC1 was released from the matrix. The CLIC1 cleaved from His and the
thrombin used for cleavage was collected from the column using Elution Buffer, pH 8.0
(300 mM KCL, 50 mM KH2PO4, 250 mM Imidazole) in fractions of 2 ml and pooled
together in preparation. The column was regenerated with 0.5 M NaOH solution

according to the manufacturer’s instructions.

Eluted fractions were run on an SDS-PAGE gel and quantified by absorbance
spectrometry at A280nm using a ND-1000 spectrophotometer (Nanodrop). The fractions
containing CLIC1 were stored at -80°C to subject for further purification. Purification
and all experimental procedures were performed under reducing conditions, using 1 mM
Dithiothreitol (DTT) or 0.5 mM tris-2-carboxyethyl-phosphine (TCEP) to prevent

oxidative dimerization of the protein (51).

2.5.2. 19 Preparation of recombinant CLIC1 mutants

Procedures for the expression, first stage of purification and quantification of recombinant
CLICI1-Cys24S, CLIC1-R29A and CLICI-K37A mutants followed the same

methodology as described above in Section 2.5, for recombinant CLICI.

2.5.2. 20 Preparation of recombinant CLIC3, CLIC3 mutants, CLIC4 and
Exc-4 using the GST Gene Fusion System Followed by Affinity

Chromatography

Glutathione S-Transferase (GST) Gene fusion system (originally from AMRAD-
Pharmacia) was used for the expression and purification of fusion proteins in E.coli
bacteria. Glycerol stocks of E.coli bacteria strain, BL21 (DE3) transformed with the

pGEX-6P-1vector (GE Healthcare) containing either the open reading frame for CLIC3-
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wt, CLIC4-wt, EXC-4, or CLIC3-Cys22,25A and CLIC3-Cys22A mutants, was
inoculated in 100mL LB medium containing 100pg/mL Carbenicillin and left to grow on
a shaker of 180 rpm, at 37°C for 16 hours . Then the grown bacterial cells were transferred
into 1.5L of 2xYT medium also containing Carbenicillin 100ug/mL in order to scale up
the culture of cells that were left to grow on a shaker of 180 rpm, at 37°C for 2.5 hours or
until an OD of 600 was achieved (OD=0.6 at 600nm). Cells then were induced with ImM
IPTG and returned to incubation for another 2 hours at 30°C with 180 rpm shaking.
The induced cells were harvested and pelleted by centrifugation in a CR22GIII High
Speed Refrigerated Centrifuge (Hitachi) using an R13A at 8000 rpm for 15 minutes at
4°C, the supernatant was poured off and cells pellet was resuspended in 15mLs of PBS
buffer (0.01M phosphate buffer, 0.0027M KCIl, 0.14M NaCl, 0.05% Tween containing
0.5mM TCEP, pH 7.4).
The resuspended E.coli cells were subsequently homogenized by ultrasonic method (as
described in details mentioned in Chapter 2, Section 2.5.1.4). The supernatant containing
soluble proteins were collected and filtered through a 0.45 um filter to remove any
remaining cell debris and subjected to further purification.

Then purification of the supernatant fraction was prepared first by equilibrating 3mL of
glutathione-sepharose 4B resin (GE Healthcare) with ~300mL of PBS buffer (containing
0.5mM TCEP); and second by incubating the supernatant with the resin beads for 1 hour
at 4°C while rocking. Then the mixture of supernatant and resin was poured into
disposable chromatography column with a frit (Biorad) and washed with ice cold 300mL
of PBS buffer (containing 0.5mM TCEP), then column containing resin and GST-tagged
proteins were further equilibrated with 50mL of thrombin cleavage buffer (150mM NaCl,
2.5mM CaCl2, 1mM sodium azide, 0.5mM DTT or 0.5mM TCEP and 20mM Tris-HCI,

pH 8). Cleavage of the CLIC3 protein from the GST that was bound to the resin beads
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was then achieved by incubating them with 30 NIH units per 1L of bovine plasma
thrombin and left overnight at 4°C.The cleaved CLIC3 was then eluted as 5 x 2.5 mL
fractions with PBS buffer (10mM phosphate buffer, 2.7mM KCl, 140mM NaCl, pH 7.4)
containing 0.05% Tween20, 0.5mM TCEP.

In order to regenerate the chromatography column, the GST-tag was removed from the
sepharose resin. This was achieved by washing the column with 50mL of glutathione
wash buffer (10mM L-glutathione reduced, 50mM Tris-Cl, pH 8.0) to enable the GST-
tag to be eluted off the column. The column was then washed extensively and then
equilibrated with 200mL PBS buffer (pH 7.4) and stored short term at 4°C or stored in

PBS with 1mM sodium azide for longer term storage.

2.5.2. 21 Preparation of recombinant CLIC4, EXC-4, CLIC3 Cys-22,25A4
and CLIC3-Cys22A4

Procedures for the expression, purification and quantification of recombinant CLIC4-wt,
EXC-4, CLIC3-Cys-22,25A and CLIC3-Cys22A mutants are similar to those described

above in Section 2.5.1.7.

2.5.2.22 Second Stage in Protein Purification - Size Exclusion
Chromatography

In order to achieve high purity reduced recombinant CLIC proteins, Size Exclusion
Chromatography (SEC) was used using a HiPrep™ 16/60 Sephacryl® S-100 column (GE
Healthcare). This second purification step, following the first round of affinity
chromatography, was used to remove the thrombin enzyme and remnant contaminants
following cleavage of the GST or His tag from the respective CLIC protein. The fractions

of interest collected from the Nickel affinity chromatography column (Ni-NTA) or the
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Glutathione affinity column, were pooled and injected onto a HiPrep™ 16/60 Sephacryl®
S-100 column at +4°C and the resultant largest single peak collected, that corresponded
to the monomeric CLIC protein.

SEC by gel filtration is based on the fractionation of proteins by their size and/or their
molecular weight. Different molecules in a solution are separated as the sample flows
through the porous inert matrices, characterised by an exclusion limit. The exclusion limit
on the Sephacryl S-100 column is 1 kDa to 100 kDa, meaning molecules in this range are
able to enter the pores in the beads. The smallest molecules are able to enter more pores
and are retained in the beads for a longer time, resulting in them being eluted last, while
molecules of a greater size remain in the mobile phase and are eluted first. Therefore, a
massive advantage of using SEC is its ability to separate different oligomeric forms of
the protein resulting in the collection of either monomeric (27 kDa) or dimeric (46 kDa)
or other multimeric forms of the CLIC1 proteins.

Size exclusion chromatography was performed using the AKTA prime plus system (GE
Healthcare). Prior to start of the protein purification, the system was washed and pre-
equilibrated with degassed filtered milliQ H2O followed by Column Sizing Buffer pH
7.5 (100 mM KCL, 20 mM Hepes, | mM sodium azide, | mM DTT or 0.5 mM TCEP).
HiPrep™ 16/60 Sephacryl® S-100 column was attached to the AKTA prime plus system
through the inlet and outlet tubing and manually washed with 1 column volume (CV) of
Column Sizing Buffer. A maximum column pressure of 0.15 MPa and flow rate of 0.3
ml/min was fixed for all purification methods. After pre-equilibrating the system and
column with Column Sizing Buffer, the specific CLIC protein, thrombin solution was
applied to a 15 ml sample loop and a pre-programmed method that transferred the sample
to the column at a flow rate of 0.25 ml/min was commenced. Eluted fractions were

collected in volumes of 2 ml. The purity of the eluted CLIC protein was then determined
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by Western Blot analysis and HEDS enzyme assay was performed to check for
functionality. At the end of the purification run, the column was rinsed with at least 2 CV
of Column Sizing Buffer at a flow rate of 0.3 ml/min to remove any impurities and was
then disconnected from the AKTA prime plus system. Finally, the system was rinsed 2-3
times with degassed filtered milliQ H20 and then stored in 20% ethanol to prevent

microbial contamination.

2.5.2. 23 Preparation of Recombinant His tagged HcTrx-5 Protein

The cDNA clone encoding the protein HcTrx-5 isolated from Haemonchus contortus
(53) was kindly provided by Associate Professor Mary Davey, from the University of
Technology, Sydney, Australia. The purification of recombinant protein HcTrx-5, was

done as described in the following sections.
2.5.2. 24 Small Scale Cultures

The glycerol stock containing pTrcHisB vector (Invitrogen, Australia) to express HcTrx-
5-wt protein was used to inoculate individual sterile conical flasks containing 20 ml of
2xYT media and 20 pl of carbenicillin antibiotic with stock concentration of 30 mg/ml
(Sigma Aldrich). These were left to grow overnight in a shaking incubator set at 200 rpm,

at 37°C.

2.5.2.25 Large Scale Culture and Induction of HcTrx-5 Protein
Expression

The entire volume of the small-scale cultures as described above were subsequently

added to individual large flasks that contained 350 ml of 2xYT media and 30 mg/ml
carbenicillin antibiotic with stock concentration of 30 mg/ml (Sigma Aldrich). After that,
the flasks were left to grow in a shaking incubator at 200 rpm at 37°C for 1.5 hours.

Subsequently, once the bacterial growth achieved an optical density (OD) at 600 nm value
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between 0.6-0.8, 1 mM of IPTG (Isopropylthiogalactoside) was added to the media to
induce the expression of the His-tagged proteins. Finally, the bacterial cultures were

incubated at 20°C for a further 16 hours with shaking at 200rpm.

2.5.2. 26 Harvesting and lysing HcTrx-5-transformed E.coli Cells

The induced cells were subsequently harvested by centrifugation using High Speed
Refrigerated Centrifuge (Hitachi CR22GIII) fitted with a rotor R13A rotor at 8000 rpm
for 30 minutes at 4°C. the resulting bacterial pellets were collected and pooled in a 50ml
falcon tube, The pellet was either stored at - 80°C for later use and the resultant pellets
were scraped resuspended in the Native IMAC lysis buffer containing Img/mL
lysozymes and 10% N-lauryl sarcosine from (Bio-Rad). Resuspended E.coli cells were
incubated on ice for 1 hour before sonication on ice, with 10 seconds pulses at 60%
output. Cell lysate was then centrifuged at 12000g for 20 minutes at 4°C. The supernatant
was kept on ice and prepared to the purification of protein. Purification and Quantification
of HcTrx-5-wt Protein His-tagged HcTrx-5 protein was purified using the Native IMAC
purification Kit and the Profinia purification system (Bio-Rad), following manufacturer’s
instructions. Then the purified HcTrx-5 protein was quantified as described previously in
Chapter 2, section 2.6. Also, for further confirmation of protein purity, it was run on SDS-

PAGE as outlined in section 2.6.3. (54).

2. 6 Protein assays and analysis

2.6. 5 Protein quantification

Protein concentration of recombinant purified proteins was determined using a
Bicinchoninic acid assay (BCA) protein estimation kit as per the manufacturer’s
instructions (Bio-Rad). The Bicinchoninic acid assay is a colorimetric method for the

detection and quantification of total protein concentration in a solution. This assay is
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based on a shift in the absorbance maximum when Coomassie® Brilliant Blue G-250 dye
associates with proteins and the protein concentration quantified using the Lambert-
Beer’s Law. The Bradford reagent was mixed with the protein sample in a volumetric
ratio of 1:1, incubated for 5 minutes at room temperature (RT) and absorbance was
determined at 595 nm. Measurement readings were carried out in triplicates. A calibration
curve was established each time a protein assay was performed with bovine serum
albumin (BSA) dilutions of known concentrations of 0 — 2 mg/ml. Using the standard
curve, the protein concentration of each sample was determined according to its

absorbance by interpolation (55).

2.6. 6 Polyacrylamide Gel Electrophoresis (SDS-PAGE): Preparing and
running a polyacrylamide gel

Polyacrylamide gels were prepared using a Biorad gel apparatus as per manufacturer’s
instructions. The gel plates, plate holders and combs were rinsed thoroughly and wiped
with 80% Ethanol to remove gel residues. According to the manufacturer’s instructions,
12.5% SDS-polyacrylamide gels were prepared using 10 ml of Next Gel®12.5%
Acrylamide solution (Amresco) and polymerisation was initiated using 60 pl of
ammonium persulphate solution (100 mg/ml in H20) and 6 pl of NNNN’-
tetramethylethylenediamine (TEMED) prior to pouring the gels. The comb was gently
placed in the stacking gel. The gels were allowed to set at RT for approximately 1-2 hours
and then submerged in running buffer in the Cell running tank. The running buffer was
prepared by diluting 50 mL of 20x Next Gel®Running buffer (Amresco) in 950 mL of

milli-Q H20.
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2.6. 7 Running SDS-PAGE gels

Sodium Dodecyl Sulfate -Polyacrylamide (SDS-PAGE) gels were run in Biorad Mini
Transfer-Blot®Cell to analyse the protein samples. For SDS-PAGE electrophoresis, cell
lysates and protein samples were prepared by a 1:1 dilution with 4x Laemmli buffer pH
6.8 (20% glycerol (v/v), 2% SDS, 0.02% bromophenol blue, 2mM DDT and 90 mM Tris-
HCI). The samples were boiled at 95°C for 10 minutes prior to being loaded onto the gels.
The gels were run at 150V for approximately 1-2 hour. The Precision Plus ProteinTM
Unstained Standard (Bio-Rad) was used to estimate the apparent MW on the gel. On
completion of a successful electrophoresis run, gels were stained for approximately 1
hour with Coomassie Staining (0.2% Coomassie G-250, 10% acetic acid and 40%
methanol) and destained overnight using Destaining buffer (10% acetic acid and 50%
methanol). Gels and protein bands were then imaged with Epson perfection 3490 flatbed

scanner.
2.6. 8 Western Blotting

Western Blotting was used to further analyse the purity of CLIC1-wt proteins after SEC,
protein fractions were analysed using NuPAGE®Novex Bis-tris Mini Gels according to
the manufacturer’s instruction (Invitrogen). The samples were prepared as mentioned
above and were loaded onto a 12 well NuPAGE® Novex® 10% BisTris gel (Invitrogen).
The voltage was set to a constant 200 V and the gel was run for approximately 30 minutes
in 1x NuPAGE®MES SDS Running Buffer pH 7.3 (50 mM MES, 50 mM Tris Base,
0.1% SDS, 1 mM EDTA). After electrophoresis, samples were transferred onto a
polyvinylidene fluoride membrane (PVDF) (iBlot®2 Transfer Stacks, PVDF, regular size
kit) for 7 minutes at 20 V using an iBlot2 (Life Technologies) according to the

manufacturer’s instruction. Afterwards, PVDF membrane was blocked with 2% (w/v)
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BSA in PBST pH 7.4 (137 mM NacCl, 2.7 mM KCI, 10 mM Na2HPO4, 2 mM KH2PO4,
and 0.1% Tween 20) and gently shaken overnight at 4°C. After washing 3x for 10 minutes
with PBST, the membranes were incubated for 1 hour with primary antibodies at the
corresponding concentrations at 4°C. After incubation, the membrane was washed 3x for
10 minutes with PBST, followed incubation with the corresponding conjugated secondary
antibody, the anti-mouse IgG-Alkaline phosphatase (Santa Cruz Technologies, Australia)
for an additional 1 hour. Excess secondary antibody was removed by washing the
membrane 3x for 10 minutes with PBST. Detection was performed using the protocol for

the SIGMAFASTTM BCIP®/NBT detection kit provided by Sigma Aldrich (Australia).

2. 7 HEDS Enzyme Assay

HEDS enzyme assay was performed according to the method described in Al Khamici et
al. (2015) to evaluate the functional activity of the purified CLIC1wt protein (56). In this
project, HEDS enzyme assay was performed for both WT CLIC proteins and the mutant
forms of CLIC proteins. In this assay, the reduced monomeric CLIC proteins were used
as test proteins while HcTrx-5 (IS5) protein, which was obtained from parasitic nematode,
Haemonchus contortus and is known as a thioredoxin-like protein was also purified as
previously described (57) and wused as positive control. Each enzymatic assay was
performed in triplicate in a 96-well plate containing the same final concentration of 10
uM for each CLIC proteins were added to a potassium phosphate buffer (5 mM pH 7)
that contained final concentrations of | mM EDTA, 250 uM NADPH, 50 nM Glutathione
Reductase and 1 mM HEDS, the mixture was incubated at 37°C for 5 minutes. Enzymatic
reaction was initiated by the addition of 1 mM GSH to make up a final volume of 200 pl.
Consumption of NADPH was monitored at A340 nm using a BioTek Power Wave TM

microplate spectrophotometer. All kinetic data analysis was performed using Microsoft
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Excel 2010. and equivalent amount of IS5 was used as a positive control in the HEDS
enzyme assay.

In order to determine the optimal reaction conditions for the HEDS assay, we tried various
concentrations of the CLICs wt proteins and the mutant forms of CLIC proteins. Also,
we performed the HEDS assay for the CLICs wt proteins and the mutant forms of CLIC

proteins at different range of the buffer pH.

2. 8 Pre-incubating CLIC Proteins with lon Channel Blocker Drug

Stock solutions of 560 uM of IAA-94 were freshly prepared by dissolving 0.2mg/mL of
the drug in ethanol with vortexing until a homogeneous solution of the drug in ethanol
was achieved. IAA-94 were further diluted to 10uM in SmM potassium phosphate buffer
(pH 7.5). 10uM final concentration of CLIC1,3 were incubated with 10uM [AA-94 for 1

hour prior to performing the HEDS enzyme assay.

2. 9 Results
2.9. 4 Preparation of Recombinant CLIC Proteins for Use in Subsequent

Assays

Homologous over-expression of recombinant CLIC1-wild type (CLIC1-wt) protein was
enabled by the inducible expression vector system, pET-28a, into which the CLIC1
cDNA was cloned. The pET vector system uses a strong transcriptional promoter, pT7 to
induce expression of the CLICI coding sequence placed downstream from it. The pT7
transcriptional promoter and IPTG inducible promoter controls the expression of
bacteriophage T7 RNA polymerase; this is highly selective and active that, when fully
induced almost all of the cell’s resources are directed towards the expression of the target
gene and production of the encoded protein. Hence, the expression of the CLIC1 gene is

induced by the addition of the lactose analogue Isopropyl-thio-B-D-galactopyranoside
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(IPTG); use of this operon allows the expression of T7 RNA polymerase, which in turn
transcribes the CLIC1 gene. CLIC1-wt over-expression and purification were based upon
the methods used by Valenzuela et al. (1997) (58). Glycerol stocks of Escherichia coli
BL21 (DE3) (Stratagene, USA), transformed with the CLIC1-pET-28a plasmid were
purified and DNA plasmids pET28a (empty vector) and pET28a containing the cDNA
sequence encoding wild-type CLIC1protein, where digested using the restriction enzymes
Notl and Ndel. Then the products were electrophoresed on agarose gel (1%). The
resulting of a single band at ~725 bp. in Lane 6 (Figure 2.4) clearly indicates the presence

of CLIC1 open reading frame (ORF) insert at its expected molecular weight.
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Figure 2. 4 CLICI cDNA Expression Construct.

Agarose gel electrophoresis analysis of CLICI ¢cDNA clone (in pET28a vector)
following restriction enzyme digest. Lane 1. Standard DNA Ladder 2 ul, Lane 2.
Uncut pET28a vector 10 ul, Lane 3. pET28a vector cut with Ndel 10ul, Lane 4.
PET28a vector cut with Notl 10ul, Lane 5. CLIC1-wt in pET28a vector cut with Ndel

10ul, Lane 6. CLICI-wt in pET28a vector cut with Ndel/Notl 10ul, Lane 7. CLICI-
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wt in pET28a vector cut with Notl 10ul, Lane 8. CLIC1-wt in pET28a vector uncut

10ul.
Moreover, the plasmids pGEX-6P-1containing the open reading frame for the proteins
CLIC3-wt, CLIC3-Cys22A and CLIC3-Cys22,25A mutants obtained from Dr Sara
Zanivan (Glasgow, UK) were transformed in bacterial strain Escherichia coli BL21
(DE3). The homologous over-expression of recombinant CLIC3-wt protein was enabled
by the inducible expression vector system, pGEX-6P-1, into which the CLIC3 cDNA was
cloned. The DNA plasmid pGEX-6P-1 (empty vector) or pGEX-6P-1 containing the
cDNA encoding the wild-type CLIC3 protein or its mutants CLIC3-Cys22A or CLIC3-
Cys22,25A were purified and digested with the restriction enzymes at Notl and Baml
site. The products were electrophoresed on agarose gel (1%) and the resulting single
bands in Lane 5,7,9 indicating the presence of CLIC3 ORF insert for wild-type CLIC3
protein and its mutants CLIC3-Cys22A and CLIC3-Cys22,25A as a single band at ~708

bp. (Figure 2.5).
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Figure 2. 5 CLIC3 ¢cDNA Expression Construct.
Agarose gel electrophoresis analysis of CLIC3 ¢cDNA clone (in pGEX-6P-1 vector)
following restriction enzyme digest. Lane 1. Ladder 2 ul, Lane 2. Uncut pGEX-6P-1
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vector 10 ul, Lane 3. pGEX-6P-1 vector cut with Not 1/Nde 1 10ul, Lane 4. CLIC3-wt in
pET28a vector uncut 10ul, Lane 5. CLIC3-wt in pET28a vector cut with BamH1/NotI
10ul, Lane 6. CLIC3-Cys22A4 in pGEX-6P-1 vector uncut 10ul, Lane 7. CLIC3-Cys224
in pGEX-6P-1 vector cut with Not 1/BamH]I 10ul, Lane 8. CLIC3- Cys22,254 in pGEX-
6P-1 vector uncut 10ul, 9. CLIC3- Cys22,25A in pGEX-6P-1 vector cut with Not
1/BamH]1 10ul, 10. Ladder 2 ul.

In addition, the pGEX-2T plasmids containing the open reading frame for the proteins
CLIC4-wt was obtained from Prof. Paul Curmi’s Group at the School of Physics,
University of New South Wales, Sydney, Australia. Homologous over-expression of
recombinant CLIC4-wild type protein was enabled by the inducible expression vector
system, pGEX-2T, into which the CLIC4 cDNA was cloned. Also, the digestion of DNA
plasmids from the wild-type CLIC4 in pGEX-2P-T, pGEX-2P-T (empty vector) with the
restriction enzymes at BamH1 and HindlIlII site. Then the products were electrophoresed
on agarose gel (1%) and indicated a single band at ~759 bp. Lane 6 which referred to the

CLIC4 insert (Figure 2.5).

Kb 1 2 3 4 5 6
40000

10000 = o
8144 - —1
6108

5090/5000

4072 "

3054 H iy P .
2036

1636

1018 — et

CLIC4 insert =% 759bp .=
517-506 - - —

94



Figure 2. 6 CLIC4 cDNA Expression Construct.
Agarose gel electrophoresis analysis of CLIC4 c¢cDNA clone (in pGEX-2T vector)
following restriction enzyme digest. Lane 1. Ladder 2 ul, Lane 2. CLIC4-wt in pGEX-2T
vector uncut 10 ul, Lane 3. CLIC4-wt in pGEX-2T vector cut with BamH1/ HindIII 10ul,
Lane 4. CLIC4-wt in pGEX-4T vector cut with HindIIl 10ul, Lane 5. CLIC4-wt in pGEX-

2T vector cut with BamH1 10ul Lane, 6. Ladder 2 ul.

Based on these observations, the presence of the CLIC1, 3 and 4 cDNA inserts at their
expected molecular weight as a single band confirms their correct cloning into their
respective vectors and their stable transformation into the bacterial cells Escherichia coli
BL21 (DE3).

Recombinant CLICs-wt and the mutant forms of CLICs protein were readily purified
from E. coli cell lysates following IPTG induced expression, followed by two subsequent
chromatography steps. The overexpression conditions for CLICs-WT and mutants had
been previously determined and the recombinant proteins were over-expressed and
purified as described in the methods Section (2.7.1 and 2.7.2). The initial purification step
was performed manually by nickel-affinity chromatograph (for the His tagged proteins)
and Glutathione affinity column for the GST fusion proteins, yielding a protein recovery

of 10-15 mg per liter bacterial culture.

2.9. 5 Size Exclusion Chromatography Results

Purification of the CLIC proteins used a two-stage purification process, first using affinity
chromatography followed by size exclusion chromatography (SEC). The wvarious
fractions from the affinity chromatography were checked by SDS-page. Thrombin was

used to cleave the 6x Histidine tag from the CLIC1 protein (Figure 2.7). A representative
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profile for the SEC eluted monomeric CLIC1-wt protein is shown in Figure 2.7, detected
at an absorbance of 280 nm. Fractions 23 to 30 were pooled, and protein quantification

and SDS-PAGE analysis performed.
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Figure 2. 7 Eluted fractions of the CLICI-wt protein from Size Exclusion
Chromatography Column. The large peak area of the fractions (F23-30) represent total

of 21ml of eluted CLIC1-wt protein that was aliquoted and stored at -80°C.

2.9. 6 SDS-PAGE and Western Blot analysis of samples collected

following Affinity and SEC Chromatography

In order to determine the purity and confirm the expected molecular weight of all CLIC
proteins, SDS-page electrophoresis was conducted following purification of CLIC
proteins through the affinity chromatography and size exclusion chromatography
columns. Examples from CLICI, 3 and 4 are outlined below.

As seen in (Figure 2.8), Lane 6 represents the flow through off the Ni-NTA column and

indicates that considerable amount of CLIC1-wt fusion protein is bound to the column.
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The protein band in Lane 7 shows the CLIC1-wt following thrombin digestion purified
by size exclusion chromatography and the band correlates to the theoretical molecular
mass of approximately 27 kDa for CLIC1-wt. Lane 8 of (Figure 2.8), represented the
control band of CLIC1-wt proteins previously purified by SEC, indicates that HisCLIC1-

wt protein was successfully purified.

1 23 4 56 7 8

<+—| CLIC1 27 kDa

Figure 2. 8 SDS-PAGE of CLICI-wt protein expression and purification. Lane I-
Protein Ladder with estimated molecular weights of proteins (Bio Rad), Lane 2- sample
of un-induced E-coli bacterial cells, Lane 3- sample of induced E-coli cells with ImM
IPTG, Lane 4- sample of the soluble proteins following cell lysis, Lane-5 sample of pellet,
Lane 6- eluted sample from the His-tag high affinity chromatography column prior
incubation with thrombin sample of supernatant, Lane 7- Purified CLICI-wt by size

exclusion chromatography and Lane 8- recombinant CLICI-wt protein used as a

control.

The purity of the recombinant CLIC4-wt protein was assessed by SDS-PAGE (Figure
2.9). The protein band in Lane 2 and 3 of Figure 2.9 shows the CLIC4 fractions samples

following thrombin digest and purification by size exclusion chromatography to remove
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GST. The band correlate to the theoretical molecular mass of approximately 28.6 kDa for
CLIC4-wt fractions purified by size exclusion chromatography. Purified CLIC1 protein
by size exclusion chromatography used as a control in Lane 4 and 5 of Figure 2.8,
indicated that CLIC4-wt protein was successfully purified. In Lane 1 of (Figure 2.9), the
ladder with estimated molecular weights of proteins showed the presence of CLIC4-wt

band of approximately 28.6 kDa.

1 23 4 5

CLICH4 28.6 kDa

Figure 2. 9 SDS-PAGE of CLIC4-wt protein expression and purification. Lane I-
Ladder with estimated molecular weights of proteins, Lane 2- Purified CLIC4-wt by size
exclusion chromatography, Lane 3- Purified CLIC4-wt by size exclusion
chromatography, Lane 4- Purified CLICI-wt by size exclusion chromatography used as
a control and Lane-5 Purified CLICI-wt by size exclusion chromatography used as a

control.

Finally, the purity of the recombinant CLIC3-wt protein was assessed by SDS-PAGE
(Figure 2.10). The protein band in Lane 2 and 3 of Figure 2.10 shows the CLIC3-wt
fractions samples following thrombin digest and purification by size exclusion

chromatography to remove GST. The band correlate to the theoretical molecular mass of
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approximately 26.7 kDa for CLIC3-wt fractions purified by size exclusion
chromatography. Purified CLIC1-wt protein by size exclusion chromatography used as a
control in Lane 4 and 5 of Figure 2.10, indicated that CLIC3-wt protein was successfully
purified the. In Lane 1 of (Figure 2.10), the ladder with estimated molecular weights of

proteins showed the presence of CLIC3-wt band of approximately 26.7 kDa.
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Figure 2. 10 SDS-PAGE of CLIC3-wt proteins expression and purification. Lane -
Ladder with estimated molecular weights of proteins, Lane 2- Purified CLIC3-wt by size
exclusion chromatography, Lane 3- Purified CLIC3-wt by size exclusion
chromatography, Lane 4- Purified CLIC1-wt by size exclusion chromatography used as
a control and Lane-5 Purified CLICI-wt by size exclusion chromatography used as a

control.

Based on these observations, the consistent presence of single bands for CL__ 1, 3 and 4
in (Figures 2.8, 2.9 and 2.10) at their expected molecular weights, strongly indicated that
the CLIC proteins were successfully over-expressed and purified from E. coli cell lysates.

Similar analyses were performed for all proteins prepared and used in this project.
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To verify the identity of the eluted CLIC1-wt protein in the SEC fractions, SDS-PAGE
followed by western blot analysis was conducted as described in (Sections 2.6.4), CLIC
proteins concentration was then determined using the Bradford protein quantification
assay kit. The CLIC1 protein profiles corresponding to the fractions 23-30 were correlated
with the molecular weight (27 kDa) as shown in (Figure 2.7). Western blot analysis using
anti-CLIC1 antibody resulted in a single protein band of molecular mass of approximately
27 kDa, thus confirming the presence of CLIC1 protein as seen in (Figure 2.10).

These steps resulted in purification of the CLIC proteins to near homogeneity. The eluted
protein fractions from the size exclusion chromatography column were aliquoted and
stored in column sizing buffer (100mM KCI, ImM NaN3, and 20mM HEPES pH 7.5;

containing 0.5mM TCEP to keep the proteins in its reduced monomeric form) at -80 C°.

N

-- “ <+— | 27kDa

Figure 2. 11 Western blots of CLIC1-wt and mutants. Lane I- recombinant CLICI-wt
protein used as a control (from a previous batch), Lane 2- Crude supernatant fraction of
empty vector transformed bacteria (pET28a) , Lane 3- Purified CLIC1-wt following size

exclusion chromatography (Fraction 26), Lane-4 Purified CLICI-K37A4 following size
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exclusion chromatography, Lane 5- Purified CLIC1-Cys24S following size exclusion
chromatography, Lane-6 Purified CLICI-R29A mutant following  size exclusion

chromatography.

Western blots of CLIC3-wt and CLIC4-wt were also undertaken by others in the lab group

to confirm their correct identity — blot results not shown here.

2. 10 Testing for the Enzymatic Activity of CLIC Proteins in the HEDS
Assay

2.10. 5 CLIC3 Protein Demonstrates Glutathione-Like Enzymatic Activity

Given the strong homology between the CLIC family members, including the conserved
enzymatic active G-site motif, we hypothesised that like CLICs 1, 2 and 4, CLIC3 would
also have glutathione-dependent oxidoreductase activity. In the HEDS assay, 2-
hydroxyethyl disulphide (HEDS) is used as the substrate. It is a low molecular weight
compound found to act as a specific and sensitive substrate for assaying glutaredoxin

enzymatic activity (56).

The HEDS assay was employed to test for similar enzymatic activity by CLIC3-wt and
CLICI1-wt and mutant versions of the proteins. As seen in Figure 2.12, in the presence of
the positive control protein His HcTrx-5, a known glutathione-dependent oxidoreductase
from Haemonchus contortus, the consumption of NADPH increases (resulting in a
decreased A340 nm). Similar consumption of NADPH is observed when CLIC1-wt and
CLIC3-wt proteins were employed. This indicates that CLIC1-wt and CLIC3-wt reduced
the HEDS substrate when coupled with glutathione (GSH) and glutathione reductase

(GR) in the presence of NADPH.
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Figure 2. 12 Activity of the CLICI-wt and CLIC3-wt proteins in the HEDS enzyme
assay. The HEDS enzyme assay was carried out using SmM potassium phosphate with
ImM EDTA, pH 7 containing 10uM of CLIC proteins, CLICI-wt or CLIC3-wt or His-
HcTrx-5 (control protein), 250uM NADPH, ImM HEDS and 50nM GR. The mixture was
incubated at 37°C and then the reaction was initiated by the addition of ImM GSH and
the absorbance of NADPH was monitored at A340nm. Error bars represent the standard

error of at least three independent measurements.

2.10. 6 Functional Characterisation of CLIC Proteins and CLICI

mutants in the HEDS Assay

CLIC1 mutants: R29A, K37A, in which a single amino acid of CLIC1 was substituted to
alanine (59) as shown in Figure 2.13. These two amino acids R29 and K37 are conserved
in all vertebrate CLICs, and have been shown to be important for the ion channel activity
of CLIC1 (60).
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Figure 2. 7 Schematic diagram of reduced CLIC1 showing the positions of the different
amino acids that were mutated to alanine. The GSH binding site are shown in pink,
lysine (K37A4) in green, Arginine (R29A) in red, Cysteine (Cys24S) in cyan, Glycine

(G184) in blue and Glycine (G224) in yellow.

In this study, different members of the CLIC family (wild type proteins) and mutant
versions were assessed in the HEDS enzyme assay. As seen in Figure 2.14, the positive
control protein His-HcTrx-5, which is a worm derived enzyme found to have glutathione-
dependent activity. Consumption of NADPH is observed when CLIC1-wt, CLIC3-wt,
CLIC1-K37A, and CLIC1-R29A were substituted for the control protein in the HEDS
assay. This indicates that all these proteins tested were able to reduce the disulfide bond
of the HEDS substrate when coupled with reduced glutathione (GSH) and glutathione

reductase (GR) in the presence of NADPH.
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However, CLIC1-wt, CLIC3-wt, CLIC1-K37A, and CLIC1-R29A demonstrate varying
levels of enzymatic activity in the HEDS enzyme assay. CLIC1 appears to have the
highest oxidoreductase activity, followed by CLIC3-wt (fig 2.12). The mutants CLIC1-
R29A and K37A previously shown to be important for the ion channel activity of CLIC1
(60), also demonstrate glutaredoxin-like enzymatic activity, albeit reduced, compared to
wild type CLIC1-wt and CLIC3-wt protein. Furthermore, the CLIC-like protein Exc-4
showed an apparent lower enzymatic activity in the HEDS enzyme assay compared to

CLIC1-wt and CLIC3-wt.
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Figure 2. 8 Activity of the CLICI-wt, CLIC3-wt, CLIC1-K37A4, CLICI-R29A proteins
and the CLIC like protein Exc-4 in the HEDS enzyme assay. The HEDS enzyme assay
was carried out using SmM potassium phosphate with ImM EDTA, pH 7 containing
10uM of CLIC proteins (CLICI-wt, CLIC3-wt, CLIC1-K37A, CLICI-R29A proteins and
the CLIC like protein Exc-4) or His-HcTrx-5 (control protein), 250uM NADPH, ImM
HEDS and 50nM GR. The mixture was incubated at 37°C and then the reaction was
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initiated by the addition of ImM GSH and the absorbance of NADPH was monitored at
A340nm. Error bars represent the standard error of at least three independent

measurements.

2.10. 7 Investigation of the critical Cysteine residues involved in the

enzymatic activity of both CLICI and CLIC3

In CLIC1, Cys24 represents the monothiol redox active residue within the enzyme active
site. The conserved Cys24 is essential for CLIC1 oxidoreductase activity as seen in Figure
2.15. In order to confirm Cys24 is the key active cysteine residue involved in CLIC1
oxidoreductase activity, a mutant version of CLIC1 was assayed, with Cys24 mutated to
serine (C24) and tested in the HEDS assay. Cys24S mutant of CLIC1 was found to have
no enzymatic activity in the HEDS assay. Furthermore, we have also tested the mutant
version of CLIC1 with Cys24 mutated to alanine (C24), which was also found to have no
enzymatic activity in the HEDS assay (data not shown). In CLIC3; Cys22 and Cys25
represent the dithiol redox active residues within the enzyme active site as shown in

Figure 2.15.
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Figure 2. 9 Schematic diagram of reduced CLIC3 showing the positions of the dithiol
residue (Cys22 and Cys25) that were mutated to alanine. The Cysteine (Cys22A4) are

shown in red, Cysteine (Cys25A) in blue.

The mutant versions of CLIC3 were assayed, with the single Cys22 mutated to alanine
(C22A) and tested in the HEDS assay. The Cys22A mutant of CLIC3 showed
significantly reduced enzymatic activity, however there remained some delayed, residual

activity (Figure 2.16).
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Figure 2. 10 Comparison of the oxidoreductase activity of CLIC1 and CLIC3 (WT)
monomer and CLICI and CLIC 3, Cys mutants. A reaction mixture of SmM potassium
phosphate (pH 7) with ImM EDTA buffer containing 250uM NADPH, 50nM GR, ImM
HEDS and 10uM CLIC1,3 (WT) monomer, CLICI-C24S and CLIC3-C22A4 that was
incubated for 5 mins at 37°C. The reaction was initiated with the addition of ImM GSH
and the absorbance of NADPH was monitored at A340nm. Error bars represent the

standard error of at least three experimental repeats.

CLIC3 contains a dithiol motif in its predicted active site. In order to confirm that both
Cys22 and Cys25 are the key active cysteine residues involved in CLIC3 oxidoreductase
activity, the double mutant version of CLIC3 was assayed, with both Cys22 and Cys25

mutated to alanine (C22,25A) and tested in the HEDS assay. The Cys22,25A mutant of
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CLIC3 was found to have virtually no enzymatic activity in the HEDS assay (Figure

2.17).
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Figure 2. 11 Comparison of the oxidoreductase activity of CLIC3-wt monomer, CLIC3-
Cys224A and CLIC3-Cys22,25A mutants. A reaction mixture of SmM potassium
phosphate (pH 7) with ImM EDTA buffer containing 250uM NADPH, 50nM GR, ImM
HEDS and 10uM CLIC3- wt monomer, CLIC3-C224 and CLIC3-Cys 22,254 that was
incubated for 5 mins at 37°C. The reaction was initiated with the addition of ImM GSH
and the absorbance of NADPH was monitored at A340nm. Error bars represent the

standard error of at least three experimental repeats.
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2.10. 8 Inhibition of CLICI and CLIC3 Enzymatic Activity by Chloride

Ion Channel Blocker Drugs

[IAA-94, A9C and DIDS are known chloride ion channel blockers. Electrophysiological
studies have shown that both IAA-94 and A9C block CLIC1 ion channel activity in cells
(61). In vitro studies further confirm that IAA-94 inhibits CLIC channels produced by
adding recombinant soluble CLICI1 to artificial bilayers (37, 62, 63). To investigate the
effect of IAA-94 on the enzymatic activity of CLIC1-wt and CLIC3-wt, the CLIC
proteins were pre-incubated with IAA-94 for an approximately 1 hour. As seen in Figures
2.18 and 2.19 below, IAA-94 completely blocked the enzymatic activity of CLIC1-wt

and CLIC3-wt in the HEDS enzyme assay.
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Figure 2. 12 Effect of chloride ion channel inhibitor drugs on the enzymatic activity of
CLICI in the HEDS enzyme assay. SmM potassium phosphate buffer (pH 7) with ImM

EDTA containing 250uM NADPH, ImM HEDS, 50nM GR and 10uM of CLICI reduced
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(WT) or HcTrx-5 protein pre- incubated with 10uM [AA-94 for ~1hour prior use of the
protein in the assay. The reaction mixture was incubated for 5 mins at 37°C and then was
initiated by the addition of ImM GSH. The consumption of NADPH was monitored at
A340nm post addition of ImM GSH. Error bars shown represent the standard error of at

least three experimental measurements.
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Figure 2. 13 Effect of chloride ion channel inhibitor drugs on the enzymatic activity of
CLIC3 in the HEDS enzyme assay. 5mM potassium phosphate buffer (pH 7) with 1mM
EDTA containing 250uM NADPH, 1mM HEDS, 50nM GR and 10uM of CLIC3 reduced (WT)
or HcTrx-5 protein pre- incubated with 10uM IAA-94 for ~1-hour prior use of the protein
in the assay. The reaction mixture was incubated for 5 mins at 372C and then was
initiated by the addition of 1mM GSH. The consumption of NADPH was monitored at
A340nm post addition of 1ImM GSH. Error bars shown represent the standard error of
at least three experimental measurements.
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2. 11 Discussion

2.11. 3 Soluble CLIC Proteins Demonstrate Oxidoreductase Enzymatic
Activity

CLIC proteins were initially described as chloride channels, however their functions have
been extended to show that they can also act as molecular scaffolds (47) and as enzymes
(49). A previous study by our group at UTS (48) has shown that the enzymatic activity of
the CLIC proteins was a GSH-dependent oxidoreductase activity, which was distinct to
the dithiol glutaredoxins. Three CLIC proteins were previously studied, with CLIC2-wt
demonstrating the lowest level of enzymatic activity in the HEDS assay, compared to
either CLIC1 or CLIC4. The apparent lower activity of CLIC2 compared to CLIC1 and
CLIC4 may be related to the variation in the active site between these proteins, with
CLIC2 containing the dithiol motif (CPFC), whilst both CLIC1 and CLIC4 contain the
monothiol motif (CPFS). However, further studies are needed in order to establish a
distinct dithiol catalytic mechanism by CLIC2 compared to the monothiol members
CLICI1 and CLIC4 (48) and to ascertain optimal reaction conditions for each of the CLIC
members.

In this chapter, I have demonstrated for the first time that soluble recombinant CLIC3-wt
functions as an oxidoreductase enzyme (Figure 2.12) in a similar manner to other CLIC
protein family members (CLIC1, CLIC2 and CLIC4) using the HEDS enzyme assay (48).
In this study, we used the protein His-tagged HcTrx-5 isolated from Haemonchus
contortus as a positive control in our HEDS assay. The His-tagged HcTrx-5 showed a
distinct activity when it compared with our non-His or non-GST tagged CLICs proteins.
Another member of our group has shown that this difference, increased activity in the

HEDS assay, was largely due to the presence of the 6 x Histidine tag on the HcTrx-5
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protein (Ms Saba Moghaddasi, MSc Thesis, 2018 UTS), hence why all experiments

performed in this thesis have had all extraneous tags removed.

The HEDS enzyme assay system is considered a characteristic assay for the glutaredoxin
proteins which act by deglutathionylating the mixed disulphide between glutathione
(GSH) and the beta-mercaptoethanol region of the HEDS reagent. Grxs reduce the
disulphide bonds of the HEDS causing the Grxs to be oxidised. The oxidised Grxs are
reduced back again by GSH which will in turn be oxidised (GSSG). GSSG is then reduced
again by accepting electrons from NADPH via glutathione reductase (GR) as shown in

(Figure 2.20) below.

I S g AP
HEDS \/ 2 GSH NADP"

Grxs or CLICS  GJutathione Reductase

SH A
2 HO N ‘/ \ GSSG NADPH/H"

Figure 2. 14 Glutaredoxin activity in the HEDS enzyme assay. Grxs reduce the

disulfide bonds of the HEDS causing the Grxs to be oxidised. The oxidised Grxs will be
reduced again by GSH which will be left oxidised (GSSG) which is returned to its reduced

form again by accepting electrons from NADPH via glutathione reductase (GR).

Modified Figure was taken from (64).

Like the thioredoxins and glutaredoxins, the CLIC N-terminal domain has an active
cysteine that is capable of forming mixed disulfides. Moreover, the C-terminal substrate

binding region of the CLICs appears large enough to accommodate peptide substrates
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raising the possibility that a redox-regulated protein interaction may form part of the
channel forming process (65). Reactions catalysed by glutaredoxin-like enzymes are also
dependent upon the redox context of the environment. In the strongly reducing
environment of the cytosol, high glutathione concentrations (0.5-10 mM) can
compromise protein activity by glutathionylation, and CLICs may de-glutathionylate
these cysteine residues to restore protein activity (48). However, outside the cell, where
glutathione concentrations are much lower (uM range), CLICs would be less likely to
function as de-glutathionylating enzymes.

Chloride Intracellular Channel Protein 3 (CLIC3) was one of the most significantly
upregulated components of the iCAF proteome. Knockdown of CLIC3 in iCAFs reduced
the ability of these cells to remodel the ECM and to support tumour cell invasion (49).
CLIC3’s association with tumour aggressiveness is likely attributable to its ability to
control the recycling of lysosomally-targeted aSB1 integrin. Our collaborates at the
Beatson institute for cancer research/ Glasgow university/ UK, found that there is one
abundant secreted protein whose levels increased in parallel with CLIC3; this was
transglutaminase 2 (TGM2) (49). Given our group’s new discovery describing CLIC
members thioredoxin activity (48), and studies indicating that thioredoxin activates
TGM2 (66), it was proposed that CLIC3 might be able to reduce the disulphide bonds of

the enzyme TGM?2 to influence its activity.

Our collaborates at the Beatson institute demonstrated that CLIC3 is a secreted protein
which increases both the stiffness of the ECM and the amount of fibrillar collagen in
organotypic plugs. These changes in the tumour microenvironment are associated with
increased tumour cell migration and invasion. Transglutaminases are cross-linking

enzymes and are thought to play a role in ECM stiffness and cancer progression. TGM2
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physically associates with CLIC3 and therefore it is believed that TGM2 is necessary for

CLIC3 to drive tumour cell invasiveness (49).

Our data was critical in confirming that CLIC3 can act as an oxidoreductase and thus it
also seems CLIC3 and TGM2 interact in a way that depends on the redox environment.
Together with our collaborators we have shown that CLIC3 achieves its pro-invasive
functions by acting as a redox enzyme to activate TGM2 (49). The group at Glasgow
went on to demonstrate that CLIC3 may also influence TGM2 capacity to bind to
integrins, which may contribute to the a5p1-dependence of CLIC3 driven invasiveness

of tumour cells (49).

Therefore, our data indicates that CLIC3 interacts in a way that would be dependent upon
the redox environment, the ImM of reduced glutathione or GSH in the HEDS assay
solution keeps the environment reduced to influence the consumption of the NADPH in
the HEDS assay. Also, our CLICs proteins are aliquoted and stored in column sizing
buffer (100mM KCl, ImM NaN3, and 20mM HEPES pH 7.5; containing 0.5mM TCEP)
to keep the proteins in a reduced monomeric form. Future studies could explore the
influence of pH and redox that mimic different intra-and extracellular locations of each
protein. Preliminary studies in our lab indicate that various CLIC proteins have optimal

activity based on pH and temperature (54)(Ms Saba Moghaddasi, MSc Thesis, UTS 2018).

The protein CLIC3 was first identified in a yeast two hybrid screen, where it was found
to bind to ERK7 (67). ERK7 is part of the mitogen-activated protein kinase family of
signal transducers. CLIC3 interacted with the COOH-domain of ERK7, which was used
as a bait. Qian and colleagues (67) showed via Northern blot analysis that CLIC3 is

expressed in the heart, the lung and the placenta. Finally, they showed the association of
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ERK?7 with CLIC3 via co-immunoprecipitation and found that the protein, like CLIC1, is

mainly localised to the nucleus, but it was also detected in the cell cytoplasm (67).

In 2010 the crystal structure of CLIC3 was resolved at 2 A resolution by Littler and
colleagues (Figure 2.21) (68). The crystal structure of CLIC3 revealed that it can be
present in the oxidised and reduced state. CLIC3 was identified as being monomeric in
solution. In addition, it possesses a GST like form, with a more open and polar active site
compared to the other CLIC member proteins. This suggests the possibility that it forms
distinct interactions with other proteins during specific cellular processes. The foot loop
region of CLIC3 was shown to be more flexible compared to the other CLICs, which

taken together might suggest that CLIC3 is functionally divergent (68).

As previously mentioned, that GST-fold in the CLICs consists of two domains: The C-
terminal all helical domain and an N-terminal thioredoxin-like domain. The N-terminal
thioredoxin domain contains the active site, which in CLIC3 is comprised of two active
cysteines. CLIC3 1is therefore able to form an internal disulphide bond within it
thioredoxin-like CXXC motif (Figure 2.3) (68). This cysteine motif is homologous to that
of the GST-fold and likely serves to fine-tune the reactivity and enzymatic action towards
the substrate. Moreover, the soluble GST-like state of the CLICs has been well
characterised, but the structural transition into a membrane spanning ion channel remains
less well characterised. In CLIC3 a disulfide bond may form between the CXXC motif
Cysteine 22 and Cysteine 25 (Figure 2.22). With the formation of a disulfide bond it could
reduce other proteins which contain a disulphide bond, thus fulfilling its role as an

oxidoreductase enzyme (49).
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hexahistiding
tag

Figure 2. 15 Cartoon representation of CLIC3: A - loop regions are coloured dark
green, f-strands orange, and a-helices light green within the N-terminal domain or
blue within the C-terminal domain. All secondary structural elements are labelled. B: A
similar representation of the N-terminal thioredoxin domain alone (residues 5—88), red
highlights the hexahistidine tag attached to the f-sheet. Also shown is a transparent
depiction of helix 2 within the position in which it is observed in CLIC3. This entire
segment is disordered in this structure. C: The residues within the CLIC3 active site
whose function is currently unclear, the region displayed is analogous to glutathione
binding and substrate binding regions of the GSTs. D: The ordered CLIC3 foot loop and

the split helix 4 (68).
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Figure 2. 16 Conserved cysteines in CLIC3 crystallised in the reduced state. Electron
cloud of the potential active site of CLIC3 protein. A potential disulfide bond can form

between the two cysteines. Adapted from Littler and colleagues (68).

Certain extracellular enzymes possess cysteine residues which control their activity, and
reduction of oxidized cysteines in extracellular proteins is known to be performed by
thioredoxins which use NADH as a source of reducing equivalents. Like thioredoxins,
glutathione transferases catalyse reduction of target cysteines using glutathione as a
source of reducing equivalents (69). The glutaredoxin-like activity requires an active site
cysteine. In the G-site motif of the glutaredoxin system, the first cysteine residue is
reported to attack sulfur atoms in disulfide bridges - as occurs within glutathione mixed
disulfide bonds - and therefore promotes thiol transfer (56). We could also expect that
members of the CLIC family are capable of carrying out targeted protein
de/glutathionylation activity. This is supported by the X-ray crystallographic studies that
reveal an open slot adjacent to the GSH binding site in CLIC1 that is large enough to

accommodate a protein substrate (37). Therefore, de/glutathionylation may well be a
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mechanism by which CLIC proteins control ion channel activity and other cellular
processes (47, 70).

Our mutagenesis results showed that Cys24 in CLIC1 is the essential catalytic cysteine,
as expected from the CLIC1 structure (37). This confirms that the Cys24 in CLICI 1is
essential for the enzymatic function of CLIC1 (Figure 2.16), while both Cys 22 and 25
are needed for optimal CLIC3 oxidoreductase activity. The findings in this project
supported that both Cys 22, 25 are the key active cysteine residues involved in CLIC3
oxidoreductase activity and are necessary for its optimal enzymatic functions (Figure
2.17), given that the single Cys22 mutant, did maintain some activity however it was
greatly diminished compared to wild type CLIC3.

Plant dehydroascorbate reductases (DHAR) adopt a three-dimensional structure similar
to the soluble form of CLIC1 (71, 72). It has been noted that the protein PtoDHAR?2 from
Populus tomentose plant, demonstrates oxidoreductase activity and that mutation of its
Cys20 residue which is located in the predicted GSH binding site led to abolishment of
its reductase activity (71). These predictions are closely related with our results for the
CLICI1 mutant (C24A) (Figure 2.16) and the CLIC3 mutant (C22,25A) (Figure 2.17),
where they were inactive in the HEDS enzyme assay.

Interestingly, it was postulated that the only two positively charged residues: Arginine 29
(Arg29) and lysine 37 (Lys37) located in the putative transmembrane region of CLIC1
protein (60), and which are also arranged in close vicinity to the enzymatic active site
(see figure 2.13), are likely to have a key role in the enzymatic functional activity of
CLIC1. These same two residues have previously been shown to regulate the ion channel
activity of CLIC1 (60). Our group has also shown that substituting the glycine residues
at positions 18 or 22 to alanine in CLIC1 significantly reduces the oxidoreductase activity

of CLIC1 proteins . The functional activity of G18A and G22A CLIC1 mutants assessed
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using the HEDS assay, showed that the both G18A and G22A CLIC1 mutants were
capable of reducing the HEDS substrate in the presence of glutathione reductase (GR).
However, both G18A and G22A CLIC1 mutants showed reduced enzymatic activity in
comparison to that of CLIC1-wt (59)(Ms, Khondker Rufaka Hossain PhD Thesis, UTS
2016). Therefore, it is clear that specific amino acids within and adjacent to the active
site, are critical for optimal and specific enzymatic activity. Similarly, we have noted that
the addition of positively charged Histidine residues (His-tag) at the amino terminus of
the protein also impact upon the activity of the CLIC proteins (work done by Ms Saba
Moghaddasi, MSc Thesis 2018). Crystal structures by the Curmi group at UNSW have
indicated that the His-tag would fold and come into close proximity to the CLIC enzyme
G-site, thus there would be a substantial charge effect via the six Histidine residues upon

the redox sensitive Cysteine (unpublished data).

Therefore, in this study in order to determine the functional effects of mutating the only
two positively charged residues in the vicinity of the G-site in CLIC1: Arginine 29 (Arg
29) and Lysine 37 (Lys 37) were mutated to neutral Alanine (Ala). The enzymatic
function of these mutants was determined in the HEDS enzyme assay (Figure 2.14). Both
R29A and K37A CLIC1 mutants were still capable of reducing the HEDS substrate,
however their activity was reduced when compared to that of CLIC1-wt. The two mutant
versions CLIC1-K37A, and CLIC1-R29A were found to have slower kinetic profiles,
thus slower relative activity compared to wild type CLIC1 in particular at the latter stages
of the assay, over a 40-minute period (Figure 2.15). Hence, not surprisingly, this indicates
that the environment immediately surrounding the active cysteine contributes to the
recognition and binding of CLIC substrates and/ or binding partners. Although the CLIC

family members have highly conserved active sites, with all 6 members conserving both
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K37 and R29 (numbering from CLIC1), this may suggest they would bind similar
substrates (68), however there remain several distinct differences in the vicinity of the G-

site, which could be critical in defining the substrate specificity of each member.

In addition, mutation of these two charged residues, Arginine 29 and Lysine 37 to the
more hydrophobic amino acid Alanine (Ala) would likely create a more hydrophobic cleft
near the active cysteine, that could impact on the openness of the active site itself. Due to
the proximity and close distance of these two residues to the active site Cysteine 24, we
speculate that the substitution of these two residues to neutral and hydrophobic alanine
could directly alter the structure or hinder the interaction of substrates such as target
proteins, and thus impact on the functional activity of CLIC1. This could further explain
the difference in activity seen in our experimental studies. Since the assays were carried
out with the purified proteins in solution, additional structural analysis for the CLICI
proteins by techniques such as X-ray crystallography, NMR and circular dichroism are
now required to determine the effect of such single point mutations on the enzyme active
site and hence, on the functional activity of CLICI and by extension, the other CLIC

family members.

Moreover, invertebrates also possess CLIC-like proteins. The nematode Caenorhabditis
elegans is known to contain two CLIC homologues, EXC-4 and EXL-1 (EXC-4 like
protein 1) (73). However, they appear to have a distinct active site to the human CLICs,
with the consensus sequence for the invertebrate CLIC-like proteins being: [Cys/Asp] -
Leu-Phe-Cys-GIn-Glu. Our results showed that the CLIC like protein Exc-4 showed an
apparent lower oxidoreductase activity compared to human CLIC1 in the HEDS enzyme
assay (Figure 2.15). This could suggest that the invertebrate CLIC-like proteins have
evolved away from the putative enzymatic function of the vertebrate CLICs with their
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membrane activity predominating. This suggestion is also supported by the previous
work of Berry et al., (2003) who demonstrated that exc-4 localises predominantly to
cellular membranes and its role is critical for unicellular tubulogenesis, via regulation of

hydrostatic pressure or vesicular dynamics.

Taken together, our data indicates that members of the human CLIC protein family, now
including CLIC3, which are well known to function as ion channels when integrated into
membranes (74, 75), also demonstrate glutaredoxin-like enzymatic activity when in their
soluble form. This supports an additional role for these proteins in cellular processes such

as detoxification and oxidoreduction.

2.11. 4 Chloride Ion Channel Blockers Inhibit the Enzymatic Activity of

both CLICland CLIC3

An intriguing finding of our work was the inhibitory effect of the chloride ion channel
blocker, IAA-94 on the enzymatic activity of CLICI-wt (Figure 2.18) and CLIC3-wt
(Figure 2.19). The IAA-94 drug was able to completely block the enzymatic activity of
CLIC1-wt and CLIC3-wt in the HEDS assay. Our findings are consistent with the
structural and evolutionary relationship between the GST and CLIC families, as [AA-94
is a homologue of the GST enzyme inhibitor ethacrynic acid (76, 77) a point also noted
during the determination of the structure of CLIC1 (37). Electrophysiological
experiments have previously demonstrated that CLIC1 channel activity can be blocked
by IAA-94 and A9C but not by DIDS (61). The growth of CHOKI1 cells, in the presence

of IAA-94 and A9C, was blocked at G2M phase of the cell cycle (61).
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Given that these drugs are membrane permeable and are capable of entering inside the
cells, one could speculate that these previously attributed cellular inhibitory effects, such
as arrest of the cell cycle progression are not exclusively due to blocking of the ion
channel activity but could equally also be due to inhibition of CLIC protein enzymatic
activity.

This concurrence of enzymatic inhibitory profile and channel function blockage has
profound consequences. The structural transition of CLIC1 from its soluble form to its
integral membrane form likely results in a complete disruption of its thioredoxin-like N-
terminal domain (37, 51, 75, 78, 79). Thus, if [AA-94 binds to the soluble form of CLIC1
in the cleft between the N-domain and the C-domain, as has been reported for the GST
proteins (80, 81) then it is unlikely to bind to this same site on the integral membrane
form, a this binding site would no longer exist. It has in fact been suggested that the
inhibitor IAA-94 binds instead to a new, distinct site on the integral membrane form of
CLICI1 (81). Another explanation offered, is that the inhibition of the channel is mediated
by inhibition of the enzymatic activity of the soluble form of CLICI. Binding of the
inhibitors to a new, distinct site on the CLIC proteins seems unlikely, albeit possible. A
more likely explanation for their ability to inhibit both functions is that the inhibitors,
such as JAA-94 and A9C, act by binding, presumably near the active site of the soluble
form of CLIC1, thus inhibiting its enzymatic activity and as a consequence, its channel
activity. This suggestion however remains speculative, requiring further investigation in

order to determine the precise mechanism of action.
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2. 12 Concluding Remarks

Members of the CLIC protein family, which are known to function as ion channels when
integrated into membranes, also demonstrate glutaredoxin-like enzymatic activity when
in their soluble form (as described in this, Chapter 2). This supports an additional role for
these proteins in such cellular processes, as detoxification and oxidoreduction. Also, the
fact that the same CLIC protein channel blockers inhibit CLIC1 and CLIC3 enzymatic
function, suggests that the enzymatic properties of CLIC1 and CLIC3 may also control

the function of the channel form of these proteins.

The remainder of this thesis aims to elucidate further the role of the CLIC proteins within
cells, focusing on their oxidoreductase enzymatic activity, that is likely serving a
protective role against oxidative stress (Chapter 3). Chapter 4 aims covers work
investigating the role of the CLIC proteins in glutathionylation and/or deglutathionylation

reactions, with the longer vision being identification of specific protein targets.

Overall, the results obtained from the experiments presented in this Chapter 2,
demonstrate that the Chloride Intracellular Ion Channel Protein 3, also functions as an

Oxidoreductase Enzyme like the other CLIC members (namely CLIC1, 2 and 4).

Based upon these findings, our collaborators have demonstrated an extracellular target of
CLIC3 enzymatic activity is the protein Transglutaminase 2 (TG2) Which is physically
associates with CLIC3 and that TGM2 is necessary for CLIC3 to drive tumour cell

invasiveness (49).
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Pursuit of other functions of the soluble form of the CLICs, in particular protective roles
in cells against oxidative damage or as participants in the cellular glutathionylation cycle

is the focus of the subsequent chapters of this thesis.
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3. 1 Introduction

3.1. 2 Physiological Role of Reactive Oxygen Species (ROS)

Cellular oxidative stress arises when there is excessive production of Reactive Oxygen
Species (ROS) that overwhelm the cell’s anti-oxidant systems (1). High levels of ROS
are very toxic to organisms as they need to pair with other molecules to gain stability,
consequently, attacking many biomolecules such as lipids, nucleic acids, proteins and
carbohydrates resulting in various levels of biological damage (2). As such, throughout
evolution, as cells were exposed to an increasingly oxidizing environment, they found it
necessary to adapt to these conditions in order to maintain a reduced intracellular state

and develop means of defending against ROS.

ROS however are also important molecules in a number of physiological processes.
Their reactivity is the foundation for their functions, in that it renders the possibility for
them to interact with other molecules. The physiological role of ROS can be divided

into two effects: firstly, a killing effect and secondly, a signalling effect.

3.1.1. 4 The Signalling Effect of ROS

For many years, ROS were considered simply as undesired toxic metabolites, causing
cell damage. Surprisingly, during the last few decades, they have been increasingly
recognized as messenger molecules mediating redox signalling. A large part of ROS-
mediated signal transduction relies on the post-translational modification of cysteine
thiols (-SH) within proteins (3). Several properties qualify thiols as signal switches.
First of all, thiols are susceptible to ROS challenge that lays a foundation for its
sensitivity. Secondly, due to the different local environment, thiols exhibit different

reactivity which renders them a level of selectivity (4). Lastly, most of the thiol
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modifications are reversible which provides flexibility for sophisticated signalling
regulation.

The major redox signalling molecules in cells are H.O, and NO. H,O, can lead to
reversible thiol modifications such as S-sulfenylation (sulfenic acid, -SOH), sulfinic
acid (-SO,H), disulfide bond (-S-S-), and S-glutathionylation (-SSG) when glutathione
(GSH) is present. If sulfinic acid gets further oxidized, sulfonic acid (-SO;H), an
irreversible thiol modification, will be formed and it has been considered as a hallmark
of diseases and usually leads to permanent protein functional inactivation and protein
degradation (5).

3.1.1. 5 Cellular Damage by ROS

Excessive ROS reacts directly with biological molecules such as lipids, DNA, and
proteins and cause damages to them. For example, biological membranes contain
polyunsaturated fatty acid to maintain their functions and fluidity (6). However,
unsaturated lipid is sensitive to ROS which produces lipid peroxides, disrupts normal
membrane structure of cells and organelles, such as mitochondria and Endoplasmic
Reticulum, and results in loss of function and changes to enveloped contents, finally
resulting in necrotic cell death (7). Both nuclear and mitochondrial DNA can be
attacked by ROS and several types of DNA lesions have been observed including
oxidation of sugar and base moieties, DNA single strand breaks (8) and double strand
breaks (9) which then trigger apoptosis — programmed cell death (10).

3.1.1. 6 Signalling Dysfunction of ROS

Redox signalling is also affected by oxidative stress and the dysfunction is reflected in
aberrant protein thiol modifications. Usually, when DNA damage happens, the genome

guardian, cellular tumour antigen p53 gets activated as a transcription factor and
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triggers multiple downstream effects, such as DNA repair, cell cycle arrest, and
apoptosis, so cells with damaged DNA will not transform into cancer cells (11). When
there are high level of ROS, such as occurs in times of inflammation, cysteine residues
in the DNA binding site of p53 can be abnormally S-glutathionylated (12). This redox
modification of p53 leads to its loss of surveillance function. In cancer this means
aberrant cells are no longer triggered to become apoptotic, while in neurodegenerative
diseases, increased neuronal cell death is caused by the elevated oxidative stress.

3. 2 Antioxidant Systems in Cells

In order to maintain redox balance and protect the cells from the harmful effect of ROS,
aerobic organisms have developed antioxidant defences which either eliminate these
species or prevent their formation. The amount of reactive species inside the cells is
maintained through redox homeostasis, avoiding oxidative damage. A decrease in
antioxidant defence or an excess production of reactive oxygen species will lead to an
imbalance and may potentially lead to oxidative damage. The antioxidant is “any
substance which significantly delays, prevents oxidation or removes oxidative damage
to a target molecule” (13). There are a wide range of antioxidants, each with different

targets, mechanisms and efficiencies, some of which cooperate together (14).

The thioredoxin system, which is comprised of thioredoxin (Trx), thioredoxin reductase
(TrxR), and NADPH, is a major cellular disulfide reduction system targeting a broad
range of substrates. After reducing its targets, a disulfide is formed in Trx that is
subsequently reduced by TrxR using NADPH as the electron donor. Thioredoxin is a
ubiquitous small enzyme around 12-kDa with a (Cysteine32 -Glycine-Proline-
Cysteine35) motif at its active site, which was first discovered in Escherichia coli to
provide electrons for ribonucleotide reductase (RNR), an essential enzyme in the
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process of DNA synthesis, responsible for catalysing the formation of
deoxyribonucleotides from ribonucleotides (15, 16). The 3D structure of bacterial Trx
was the first described by Holmgren in 1975 (17).

Recently, many of the Trxs group superfamily have been structurally resolved (18). In
mammalian cells, there are three isoforms of Trxs, Trxl in the cytosol, Trx2 in
mitochondria (19), and a testis specific Trx (20). It has been shown that the Trxs utilize
the two cysteines at their active site to perform substrate reduction. The N-terminal
cysteine at the active site first attacks the disulfide in substrate proteins and forms an
intermedia disulfide between Trx and substrate, then the C-terminal cysteine at the
active site takes over and leaves reduced protein substrate and an active-site disulfide in
Trx which can be subsequently reduced by TrxR (21).

In addition to the two active site cysteines (Cys32 and Cys35 in Escherichia coli), the
human Trx1 (hTrx1) has three structural cysteines, Cys62, Cys69 and Cys73, indicating
that the human Trx1 has unique biological property. Several studies have shown that the
structural cysteines of human Trx1 can be redox-modified and regulated in different
redox contexts (16, 22). The Thioredoxin system has been shown to interact with a
broad range of proteins not only to maintain the reducing cellular environment by
transferring electrons to them, but also to mediate different cellular signalling pathways
by regulating cysteine post-translational modifications. Furthermore, proteomic
techniques help to identify more about potential targets for the Trx system (16, 22).
Consequently, in addition to the Thioredoxin system, the Glutaredoxin system is
another cellular disulfide reductase system existing in most living organisms, which is
composed of glutaredoxin (Grx), glutathione reductase (GR) and glutathione (GSH) (16,
23). Grxs are low-molecular-weight proteins, that perform important roles in redox

regulation, post-translational modification of target protein substrates and are involved
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in iron metabolism. This system was first discovered in Escherichia coli bacteria by
Holmgren in 1976 as a reductase system for RNR in a mutant Escherichia coli that is
unable to replicate phage T7 and were shown to lack Trx (24). Purification of E.coli Grx
to homogeneity demonstrated that it contained a single disulfide in its oxidized form
with the unique sequence Cys-Pro-Tyr-Cys (CPYC) (25, 26). Additionally, Grx
showed a strong GSH-disulfide transhydrogenase activity apart from its role as a GSH-
dependent hydrogen donor for RNR. Consequently, Grx was isolated from calf thymus
and purified to homogeneity (27, 28).

The human Glutaredoxins (Grx) have been found in four isoforms and are divided into
two groups depending upon the number of cysteine residues at their active site: the
dithiol Grxs including Grx1 and Grx2 with a CXXC active site motif and the monothiol
Grxs including Grx3 and Grx5 with a CXXS active site motif (16). Human Grx1 with a
Cys-Pro-Tyr-Cys (CPYC) active site is mainly present in the cytosol and functions as an
antioxidant enzyme. Although the gene of Grxl does not contain subcellular
localization sequence, it is also distributed in the nucleus (29, 30), mitochondrial
intermembrane space (31), and secreted into plasma (32). Furthermore, the glutaredoxin
proteins showed a protective effect against inflammation (33), cardiovascular
hypertrophy (34) and airway hyper responsiveness (35).

In the Grx2 the active site i1s Cys-Ser-Tyr-Cys (CSYC). The subtle substitution of a
proline (as found in Grx1) to serine, distinguishes Grx2’s ability to receive electrons
from mitochondrial TrxR (36). Grx2 participates in antioxidant processes and is
considered a redox sensor (37). Knock-out of Grx2 in mice, leads to early-onset of age-

dependent cataract (38), enlarged hearts and high blood pressure (39).
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Monothiol Grxs contain a Cys-Gly-Phe-Ser (CGFS) motif at their active site and can be
further classified into two groups. Grx3 consists of an N-terminal Trx domain that lacks
a redox active motif and two monothiol Grx domains that both harbor the CGFS active
site motif and it is also named protein kinase C interacting cousin of thioredoxin
(PICOT) (40). Grx3 1is located in the cytosol and is important for embryonic
development (41). Grx3 is also an iron-sulfur cluster protein with a similar redox-sensor
function to Grx2 (42). Additionally, another human monothiol Grx, Grx5 is located in
mitochondria and contains a single monothiol Grx domain. Grx5 is evolutionarily
conserved in eukaryotes (43). It has been reported that Grx5 is essential for
mitochondrial iron-sulfur cluster biogenesis (44). Moreover, patients diagnosed with
Grx5 deficiency suffer from anaemia and blood iron overload, which also highlights the
importance of Grx5 in iron metabolism (45).

In addition to the crucial role of the glutaredoxins (Grx) as electron donors for RNR and
other proteins, the Grx system mediates redox signalling mainly by reversibly catalysing
protein S-glutathionylation. Despite the fact that several proteins such as Trxs (16), PDI
(46) and sulfiredoxin (47) showed their deglutathionylation activity in different cases,
glutaredoxins are considered as the major deglutathionylases due to their high affinity
and selectivity for specific glutathionylated proteins (36).

3. 3 Proteins thiols-disulphides metabolism in redox regulation

High levels of ROS, diminished antioxidant defence enzymes and depletion of
antioxidants may result in oxidative stress and proteins represent a possible target of
oxidative damage. Proteins can undergo different types of oxidation, depending on the
amino acid targeted and their oxidation can be reversible or irreversible. Irreversible

oxidative modifications of proteins (e.g. carbonylation, nitration, protein cross-linking)
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are responsible for protein degradation and aggregation, while reversible oxidative
modifications (e.g. S-glutathionylation or nitrosylation) can have a dual role, protecting

cysteine from irreversible oxidation and modulating protein functions (redox regulation)

(48).

Protein modifications include sulfoxidation, carbonylation and nitration. Sulfoxidation
is a reversible oxidation of the amino acid methionine in proteins to methionine
sulfoxide which is reduced by the enzyme methionine sulfoxide reductase (49).
Carbonylation is an irreversible oxidative modification and different diseases such as
Parkinson’s disease, Alzheimer’s disease, cancer and sepsis are associated with high

levels of carbonylated proteins (50).

Cysteine (Cys) is the most chemically reactive natural amino acid in proteins and Cys
containing proteins are particularly susceptible to various reversible or irreversible
oxidative modifications. As shown in Figure 3.1, a thiol group can undergo different
post-translational modifications. Typically, Cys can react with another Cys to form a
disulphide bond (-S-S-). A disulphide bond can be formed between two Cys residues
within the same protein (intramolecular cross-linking) or between two Cys residues
from different proteins (intermolecular cross-linking). Mixed disulphides can also be
formed between a protein Cys and the Cys of GSH (a process also termed protein
glutathionylation or glutathionylation) or with a Cys (protein cysteinylation). S
nitrosylation represents the reaction between a thiol group and RNS to form a
nitrosothiol (SNO). Protein thiols can also be oxidized by ROS and RNS to sulfenic
acid (Cys-SOH), eventually followed by a second oxidation with formation of sulfinic

acid (Cys-SO2H). Sulfinic acids can be further oxidized to sulfonic acid (Cys-SO;H).
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While most the other forms of oxidation are reversible (that is, the protein’s Cys can be

reduced back to the free thiol), sulfonylation is an irreversible form of oxidation.

Intra-protein disulphite HOS | Inter-protein disulphide

- ’ "

Cysteinylation NOH/ S| - Glutathionylation
A\
[ ) S-OH .
Sulphenic
SH
Nitrosylation J
\ N ||
)-5-0H ROS -5-OH
e M I
" Sulphonic
Sulphinic p

Figure 3. 1 Oxidative modifications of proteins thiol. This was modified from

DalleDonne et al. 2009 (51).

In this thesis chapter, we demonstrate for the first time that CLIC proteins possess
cellular antioxidant activity. We used H.O,, an endogenously existing ROS, to induce
oxidative stress in bacterial E. coli cells expressing recombinant CLIC proteins in order
to investigate if the expression of CLIC proteins by the cells were sufficient to provide
increased tolerance to oxidative stress. A mutant form of the various CLIC proteins,

lacking the critical cysteine residue in their enzymatic active site were also assessed.
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3.4 Materials and Methods

3.4. 4 Bacterial strains

Transformed bacterial clones overexpressing either CLIC1-wt, CLIC3-wt or CLIC4-wt,
along with mutant versions of CLIC1: CLIC1-Cys24S and mutant versions of CLIC3:
CLIC1-Cys22,25A were also prepared. Also, corresponding empty vector controls, E.
coli BL21 (DE3) cells transformed with either pET28a, pGEX-6P-1 and pGEX-2P-T
plasmids were used as controls. These were grown and maintained from 50% glycerol

stocks, stored at -80°C, as previously described in Section (2.3.1).

3.4. 5 Response of E.coli cells to oxidative stress

To investigate the H202 tolerance of recombinant CLICs-wt and CLICs mutants in
bacterial E. coli cells, overnight cultures of E. coli BL21 (DE3) cells transformed with
pET28a (empty vector), wild-type CLIC1 in pET28a, CLIC1-Cys24S in pET28a,
plasmids were grown in fresh 2xYT medium containing 30mg/mL Kanamycin
antibiotic under continuous shaking condition at 37°C. Also, overnight cultures of E.
coli BL21 (DE3) cells transformed with pGEX-6P-1 (empty vector), wild-type CLIC3
in pGEX-6P-1, CLIC3-Cys22,25A in pGEX-6P-1, wild-type CLIC4 in pGEX-2P-T,
plasmids were grown in fresh 2xYT medium containing 30mg/mL Carbenicillin
antibiotic under continuous shaking condition at 37°C. When the A600 nm reached a
value of 0.6, the desired concentrations of H202 (2.5, 5.0 and 10.0 mM) and 1mM IPTG
were added simultaneously. The cells were incubated for 3 hours at 20°C with the
desired concentrations of H202 (2.5, 5.0 and 10.0 mM) and 1mM IPTG, then the
growth was measured at 600 nm. In addition to measure the effect of these different

concentrations of H202 (2.5, 5.0 and 10.0 mM) on the growth of the bacterial cells at
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different time intervals, experiments were run using overnight cultures of E. coli BL21
(DE3) cells transformed with pGEX-6P-1 (empty vector), wild-type CLIC3 in pGEX-
6P-1, CLIC3-Cys22,25A in pGEX-6P-1, wild-type CLIC4 in pGEX-2P-T, plasmids
were grown in fresh 2xYT medium containing 30mg/mL Carbenicillin antibiotic under
continuous shaking condition at 37°C. When the A600 nm reached a value of 0.6, the
cells were grown and induced with 1mM IPTG at 2 hours at 20°C, then the different
concentrations of H202 (2.5, 5.0 and 10.0 mM) were added. The growth of the bacterial
cells was monitored and measured at different time intervals at 20°C over 6 hours of

investigation in the absence and presence of 5.0 and 10.0 mM H202.

3.4. 6 Statistical analysis

Statistical analyses were performed using the software Graph pad Prism 8 excel. Data
were analysed by ordinary one-way ANOVA multiple comparisons statistical analysis
test. The Data were considered statistically significant when p<0.05. Also, we applied
the analysis, Area under the curve (AUC) where it means that the Growthcurver
computes the area under the logistic curve, which provides a metric (the logistic AUC)
that integrates information from the logistic parameters (%, », and No). We implemented
this feature by evaluating the definite integral of the fitted logistic equation from time 0
to a user-defined time 7. Growthcurver also computes an empirical AUC by summing
the areas of the trapezoids made up by connecting consecutive data points of cell counts

(or absorbance measurements) from time 0 to time ¢, similar to what was done by (52).
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3. 5 Results

3.5. 2 Antioxidant properties of CLIC Proteins and CLIC Mutant Proteins

In this study, we used E.coli BL21 (DE3) bacteria containing the His or GST-tagged
rCLIC proteins as a model system to test whether the rCLIC proteins can protect
bacterial cells from oxidative stress. Such oxidative stress was mimicked in vitro by
hydrogen peroxide, a known oxidative stress inducer. For this purpose, we compared
the growth of E. coli BL21 (DE3) bacterial cells transformed to express the rCLIC
proteins or empty vector in the presence and absence of H202 at different concertation

of H202 (2.5,5.0 and 10 mM).

First, we needed to determine working concentrations of hydrogen peroxide where we
could challenge the cells without completely killing them. An initial experiment showed
that 10.0 mM H202 resulted in at least a 50% inhibition of the growth of the E.coli cells
at 3 hours As shown in Figure 3.2, what is also interesting to note, is that the growth
rate of cells transformed with the CLIC1-wt appeared to be higher than the cells
transformed with the empty vector or CLIC1-Cys24S over the 3 hours of incubation in
different concentrations of H202 (2.5, 5.0 and 10 mM), however, this was not
statistically significant at all points. This was seen consistently in all experiments, even

when the cells were not challenged with H>O».
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Figure 3. 2 Growth comparison of E. coli BL21 (DE3) cells transformed with pET28a
(empty vector), wild-type CLICI in pET28a and CLICI-Cys24S in pET28a plasmids
after 3 hours of incubation in different concentration of H20:2 (2.5,5.0 and 10 mM).
The results were performed using excel 2010 and the error bars indicate the standard

deviation from three independent readings.

Further statistical analysis was carried out using Graph pad prism 8 excel, according to
ANOVA statistical test analysis comparing the growth rate for the cells transformed
with the CLIC1-wt, the empty vector and the mutant construct CLIC1-Cys24S, grown
in the presence or absence of H202 at different concentrations (2.5,5.0 and 10 mM). As
seen in Figure 3.3, showing the absorbance at 600nm for each cell line, the analysis
reveals that there is a significant difference in the growth rate between the cells
transformed CLIC1-wt when it compared with the mutant CLIC1-Cys24S at the
concentration 2.5 mM H202 as indicated by ordinary one-way ANOVA multiple

comparisons test where the p value obtained is (p< 0.05). Again, the growth rate for the

152



cells transformed with the CLIC1-wt was higher than the CLIC1-Cys24S as indicated
by ordinary one-way ANOVA multiple comparisons test where the p value obtained is
(p<0.01) at 5 mM H202. Furthermore, the cells transformed with the CLIC1-wt showed
a significant difference in the growth rate compared with the cells transformed with the
empty vector only at 10 mM H202 as indicated by ordinary one-way ANOVA multiple
comparisons test where the final p value obtained is (p< 0.01) Figure 3.3 and Table 3.1,
showed the p values obtained by performing ordinary one-way ANOVA test for multiple

sample comparisons.
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Figure 3. 3 Growth comparison of E. coli BL21 (DE3) cells transformed with pET28a

(empty vector), wild-type CLICI in pET28a and CLICI-Cys 24S in pET28a plasmids
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after 3 hours of incubation in different concentration of H20:2 (2.5,5.0 and 10 mM).

The analysis was performed using Graph pad prism 8. Data shown are means £ S.E

of at least three independent experiments. The asterisks *and ** correspond to

significant (p< 0.05 and p<0.01 respectively) difference in the growth rate of the cells

(N=3).

Table 3. 1 Test results comparing the growth rate of the E. coli BL21 (DE3) cells

transformed with pET28a (empty vector), wild-type CLICI in pET28a and CLICI-

Cys24S in pET28a plasmids after 3 hours of incubation started at 0.6 OD in the

presence and absence of H20:2 at different concentration (2.5,5.0 and 10 mM). The

growth rate was monitored over 3 hours of incubation. p values obtained by

performing ordinary one-way ANOVA test for multiple sample comparisons.

Bacterial cells Difference in | P Value
activity

CLICI-wt OmM H202 vs. Empty Control Vector | Non- significant | >0.9999
OmM H202
CLICI-wt OmM H202 vs. CLIC1-Cys24S OmM | Non- significant | 0.9999
H202
CLIC1-wt 2.5mM H202 Column vs. Empty Control | Non-significant | 0.3280
Vector 2.5mM H202
CLIC1-wt 2.5mM H202 vs. CLIC1-Cys24S 2.5mM | significant 0.0124
H202
CLICI-wt 5mM H202 vs. Empty Control Vector | Non-significant | 0.7003

SmM H202
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CLIC1-wt 10mM H202 vs. CLIC1-Cys24S10mM | Non-significant | 0.7003

H202

The effect of the oxidant H202 (10mM) was further assessed on the growth of E. coli
bacterial cells transformed to express the CLIC1-wt protein, cells transformed with
pET28a only or the mutant CLIC1-Cys24S, over a more prolonged exposure time. As
seen in Figure 3.4, using 10.0 mM concentration of H202, the growth of E. coli cells
transformed with the empty vector, CLICl-wt and CLICI-Cys24S was radically
reduced following addition of the H202 at 150 minutes, then left to grow for a total of 6
hours. This finding led us to conclude that 10.0 mM concentration of H202 was an
inhibitory concentration for the growth of the E.coli bacterial cells over the time period
that we wished to run subsequent experiments. Therefore, a. lower concentration of 5.0

mM H202 was used instead.
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Figure 3. 4 Growth of E. coli BL21 (DE3) cells transformed with pET28a (empty
vector), wild-type CLIC1 in pET28a and CLICI1-Cys24S in pET28a plasmids after 3
hours of incubation started at 0.6 OD in the absence and presence of 10 mM. H20:.
The growth rate was monitored over 6 hours of incubation. The results were
performed using excel 2010 and the error bars indicate the standard deviation from

three independent readings.

Statistical analysis was carried out using Graph pad prism 8 excel, according to ordinary
one-way ANOVA statistical multiple comparisons test analysis we compared the growth
rate for the cells transformed with either the CLIC1-wt protein, the cells transformed
with the empty vector or CLIC1-Cys24S in the absence and presence of 10 mM. H202.
Figure 3.5 shows the absorbance at 600nm for each cell line, The CLIC1-wt

overexpressing cells show a significant increase in their growth rate when compared to
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the cells transformed with pET28a only (p= 0.0280) in the presence of 10 mM of H202.
This further supports the proposal that the higher concentration of 10 mM H202 in our

experiment led to cell death.

* %

bl n.s.

AUC [Asoonm xTime]

Figure 3. 5 Growth of E. coli BL21 (DE3) cells transformed with pET28a (empty
vector), wild-type CLIC1 in pET28a and CLICI1-Cys24S in pET28a plasmids after 3
hours of incubation started at 0.6 OD in the absence and presence of 10 mM. H20:.
The growth rate was monitored over 6 hours of incubation. The analysis was
performed using Graph pad prism 8. Data shown are means + S.E of at least three
independent experiments. The asterisks *and ** correspond to significant (p<0.05

and p<0.01 respectively) difference in the growth rate of the cells (N=3).
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Moreover, further statistical analysis was performed by carrying out the ordinary one-

way ANOVA multiple comparisons statistical test (results as shown in table 3.2).

Bacterial cells Difference in activity | P Value
CLIC1-wt vs. Empty Control Vector Significant 0.0077
CLIC1-wt vs. CLIC1-Cys24S Significant 0.0011
CLICI-wt vs. CLICI-wt+H202 Significant <0.0001
CLIC1-wt vs. Empty Control Vector+ H202 Significant <0.0001
CLIC1-wt vs. CLIC1-Cys24S+ H202 Significant <0.0001
Empty Control Vector vs. CLIC1-Cys24S Non-significant 0.8239
Empty Control Vector vs. CLIC1-wt+ H202 Significant <0.0001
Empty Control Vector vs. Empty Control Vector+ H202 Significant <0.0001
Empty Control Vector vs. CLIC1-Cys24S+ H202 Significant <0.0001
CLIC1-Cys24S vs. CLIC1-wt+ H202 Significant <0.0001
CLIC1-Cys24S vs. Empty Control Vector+ H202 Significant <0.0001
CLICI1-Cys24S vs. CLIC1-Cys24S+ H202 Significant <0.0001
CLIC1-wt+ H202vs. Empty Control Vector+ H202 Significant 0.0280
CLICI-wt+ H202 vs. CLIC1-Cys24S+ H202 Non-significant 0.1614
Empty Control Vector+ H202 vs. CLIC1-Cys24S+ H202 | Non-significant 0.8854

Table 3. 2 Test results comparing the growth rate of the E. coli BL21 (DE3) cells
transformed with pET28a (empty vector), wild-type CLICI in pET28a and CLICI-

Cys24S in pET28a plasmids after 3 hours of incubation started at 0.6 OD in the

158




absence and presence of 10 mM. H202. The growth rate was monitored over 6 hours
of incubation. p values obtained by performing ordinary one-way ANOVA test for

multiple sample comparisons.

Thus, we investigated the growth rate of the E.coli bacterial cells in the presence of 5.0
mM H202 over 6 hours In this experiment, the 3 different bacterial cell lines (empty
vector controls, CLIC1-wt overexpressing cells and a CLIC1-Cys24S mutant) were
grown and induced with IPTG at 2 hours then challenged with 5.0 mM H202 at 150
minutes, their growth rate was monitored over 6 hours. As seen in Figure 3.6, CLIC1-wt
overexpressing cells grew better than the cells transformed with pET28a only or mutant

CLIC1-Cys24S in pET28a plasmid after additional of 5.0 mM H202 over 6 hours.
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Figure 3. 6 Growth of E. coli BL21 (DE3) cells transformed with pET28a (empty
vector), wild-type CLIC1 in pET28a and CLICI-Cys24S in pET28a plasmids after 3

hours of incubation started at 0.6 OD in the absence and presence of 5 mM H20:.
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The growth rate was monitored over 6 hours of incubation. The results were
performed using excel 2010 and the error bars indicate the standard deviation from

three independent readings.

Furthermore, as seen in Figure 3.7 reveals the absorbance at 600nm for each cell line,
using ordinary one-way ANOVA statistical multiple comparisons test analysis, CLICI-
wt overexpressing cells present a significantly higher growth rate compared to the cells
transformed with pET28a only in the presence of 5 mM H202 as the (p = 0.0070) or
CLIC1-Cys24S in pET28a plasmid where the (p = 0.01430). This result supports our
hypothesis that the CLIC1 wild-type protein was providing some level of antioxidant

cell protective effect.

AUC [Agggnm xTime]

Figure 3. 7 Growth of E. coli BL21 (DE3) cells transformed with pET28a (empty

vector), wild-type CLIC1 in pET28a and CLICI-Cys24S in pET28a plasmids after 3
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hours of incubation started at 0.6 OD in the absence and presence of 5 mM H20:.

The growth rate was monitored over 6 hours of incubation. The analysis was

performed using Graph pad prism 8. The error bars represent the standard error of

three independent repeats of growth rate measurements. (N=3).

Data shown are

means = S.E of at least three independent experiments. The asterisks * and **

correspond to significant (p<0.05 and p<0.01 respectively) difference in the growth

rate of the cells (N=3).

Moreover, further statistical analysis was performed by carrying out the ordinary one-

way ANOVA multiple comparisons statistical test (results as shown in table 3.3).

Bacterial cells Difference in | P Value
activity
CLIC1-wt vs. Empty Control Vector Non-significant 0.2105
CLIC1-wt vs. CLIC1-Cys24S Non-significant 0.0578
CLICI-wt vs. CLICI-wt+ H202 Significant 0.0003
CLIC1-wt vs. Empty Control Vector+ H202 Significant <0.0001
CLICI-wt vs. CLIC1-Cys24S+ H202 Significant <0.0001
Empty Control Vector vs. CLIC1-Cys24S Non-significant 0.9597
Empty Control Vector vs. CLIC1-wt+ H202 Significant 0.0127
Empty Control Vector vs. Empty Control Vector+ H202 Significant <0.0001
Empty Control Vector vs. CLIC1-Cys24S+ H202 Significant <0.0001
CLIC1-Cys24S vs. CLIC1-wt+ H202 Significant 0.0499
CLIC1-Cys24S vs. Empty Control Vector+ H202 Significant <0.0001
CLICI1-Cys24S vs. CLIC1-Cys24S+ H202 Significant <0.0001
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CLIC1-wt+ H202 vs. Empty Control Vector+ H202 Significant 0.0070
CLIC1-wt+ H202vs. CLIC1-Cys24S+ H202 Significant 0.0143
Empty Control Vector+ H202vs. CLIC1-Cys24A+ H202 Non-significant 0.9977

Table 3. 3 Test results comparing the growth rate of the E. coli BL21 (DE3) cells
transformed with pET28a (empty vector), wild-type CLICI in pET28a and CLICI-
Cys24S in pET28a plasmids after 3 hours of incubation started at 0.6 OD in the
absence and presence of 5 mM. H202. The growth rate was monitored over 6 hours of
incubation. p values obtained by performing ordinary one-way ANOVA test for

multiple sample comparisons.

Furthermore, in order to confirm the critical role of the Cysteine residue located in the
CLICI1 enzyme active site, the mutant version CLIC1-Cys24S was assayed at different
concentrations of H202 (2.5, 5.0 and 10.0 mM). Results showed that the growth rate of
the E. coli BL21 (DE3) CLIC1-Cys24S mutant cells significantly lower than the E. coli
BL21 (DE3) bacterial cells transformed to express the CLIC1-wt protein as seen in
Figure 3.3.

Moreover, the growth rate of E. coli bacterial cells transformed to express the mutant
CLIC1-Cys24S was analysed over 6 hours in the presence of 5 mM H202. Results in
Figure 3.6 showed that the growth rate of the mutant CLIC1-Cys24S cells dropped
dramatically when it compared to the E. coli BL21 (DE3) bacterial cells transformed to
express the CLIC1-wt protein as the P value was (p= 0.0143) in the presence of 5 mM.
of the H202 and the growth rate was monitored over 6 hours of incubation as seen in
Figure 3.7. This confirms that the single active site cysteine in CLIC1 protein (Cys-24)

is essential for the cellular antioxidant activity of the CLIC1 proteins.
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3. 6 Assessment of CLIC3 cellular antioxidant activity

E. coli BL21 (DE3) bacterial cells transformed to express the recombinant wild type
CLIC3 protein were used to determine the intracellular antioxidant activity CLIC3. In
this experiment, the E. coli BL21 (DE3) cells transformed with pGEX-6P-1 (empty
vector as control), wild type CLIC3 in pGEX-6P-1 and the mutant form of CLIC3 -
where the critical dithiols in the enzyme active site were mutated to alanine - CLIC3-
Cys 22,25A in pGEX-6P-1 plasmids, were exposed to different concentrations of H202
(2.5, 5.0, 10.0 mM). As you can see in Figure 3.8, the growth rate of the CLIC3 wild
type overexpressing cells, like E. coli BL21 (DE3) cells transformed with wild-type
CLICI1 in pET28a appear to grow better than the cells transformed with the vector only
or the mutant CLIC3-Cys 22,25A in pGEX-6P-1 plasmid in the presence of 2.5 mM
concentrations of H202 over a 3 hours period. Furthermore, the three group of cells
tested in this experiment showed similar growth rate in the presence of 5.0 mM of
H202 over a 3 hours period of incubation. In addition, the growth rate of the mutant
CLIC3-Cys 22,25A in pGEX-6P-1 plasmid appear to grow better than the cells
transformed with the vector only or the CLIC3 wild type overexpressing cells in the

presence of 10.0 mM of H202 over a 3 hours period of incubation.
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Figure 3. 8 Growth of E. coli BL21 (DE3) cells transformed with pGEX-6P-1 (empty
vector), wild type CLIC3 in pGEX-6P-1 and CLIC3-Cys 22,254 in pGEX-6P-1
plasmids after 3 hours of incubation in different concentration of H20:2 (2.5,5.0 and
10 mM). The results were performed using excel 2010 and the error bars indicate the

standard deviation from three independent readings.

Following analysis of the data by comparing the absorbance at 600nm for each cell line,
a significant difference in the growth rate using ordinary one-way ANOVA multiple
comparison statistical test analysis was determined. It was found that the CLIC3-wt
overexpressing cells did not showed any significant difference in their growth rate when
compared to the cells transformed with pGEX-6P-1 only or CLIC3-Cys 22,25A in
pGEX-6P-1 plasmid after 3 hours of incubation in different concentration of H202
(2.5,5.0 and 10 mM), Figure 3.9 and Table 3.4, showed the p value obtained by

performing ordinary one-way ANOVA statistical test analysis. Although not statistically
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significant, but there is a trend seen were the CLIC3-wt overexpressing cells do appear
to grow better than the cells transformed with pGEX-6P-1 only or CLIC3-Cys 22,25A
in pGEX-6P-1 plasmid after 3 hours of incubation in different concentration of H202

(2.5,5.0 and 10 mM), Figure 3.8
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Figure 3. 9 Growth of E. coli BL21 (DE3) cells transformed with pGEX-6P-1 (empty
vector), wild type CLIC3 in pGEX-6P-1 and CLIC3-Cys 22,254 in pGEX-6P-1
plasmids after 3 hours of incubation in different concentration of H20:2 (2.5,5.0 and
10 mM). The analysis was performed using Graph pad prism 8. Data shown are
means = S.E of at least three independent experiments. The asterisks * and **
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correspond to significant (p<0.05 and p<0.01 respectively) difference in the growth
rate of the cells (N=3).

Table 3. 4 Test results comparing the growth rate of the E. coli BL21 (DE3) cells
transformed with pGEX-6P-1 (empty vector), wild-type CLIC3 in pGEX-6P-1 and
CLIC3-Cys22,25A in pGEX-6P-1 plasmids after 3 hrs. of incubation started at 0.6 OD
in the presence and absence of H20: at different concentration (2.5,5.0 and 10 mM).
The growth rate was monitored over 3 hours of incubation. p values obtained by

performing ordinary one-way ANOVA test for multiple sample comparisons.

Bacterial cells Difference in P Value

activity

CLIC3-wt 0OmM H202 vs. Empty Control Vector 0mM H202 | Non- significant | >0.9999

CLIC3-wt 0OmM H202 vs. CLIC3-Cys22,25A 0mM H202 Non- significant | 0.7605

CLIC3-wt 2.5mM H202 vs. CLIC3-Cys22,25A 2.5mM Non-significant | >0.9999
H202
CLIC3-wt 2.5mM H202 vs. CLIC3-Cys22,25A 2.5mM Non-significant | >0.9999
H202

CLIC3-wt SmM H202 vs. Empty Control Vector SmM H202 | Non-significant | 0.8153

CLIC3-wt 5SmM H202 vs. CLIC3-Cys22,25A SmM H202 Non-significant | >0.9999

CLIC3-wt 10mM H202 vs. Empty Control Vector 10mM Non-significant | 0.9935

H202
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CLIC3 wild type overexpressing cells, cells transformed with the vector only and cells
transformed the mutant CLIC3-Cys22,25A in pGEX-6P-1 plasmids were further
assessed to determine the intracellular antioxidant activity of the CLIC3 proteins in the
presence of 5.0 mM H202 over a 6 hours period. As seen in Figure 3.10, CLIC3-wt
overexpressing cells appear to grow better than the empty vector and CLIC3-Cys22,25A

mutant cell lines.
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Figure 3. 10 Growth of E. coli BL21 (DE3) cells transformed with pGEX-6P-1 (empty
vector), wild type CLIC3 in pGEX-6P-1 and CLIC3-Cys 22,254 in pGEX-6P-1
plasmids after 3 hours of incubation started at 0.6 OD in the absence and presence of
5 mM. H20: over increasing period. The growth rate was monitored over 6 hours of
incubation. The results were performed using excel 2010 and the error bars indicate

the standard deviation from three independent readings.
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Additionally, as seen in Figure 3.11 using ordinary one-way ANOVA multiple
comparison statistical test analysis of the absorbance at 600nm calculated for each cell
line, indicated that the CLIC3-wt overexpressing cells did not showed any significantly
difference in the growth rate when compared to the cells transformed with pGEX-6P-1
only in the presence of 5 mM. H202 as the P value obtained is (p = 0.0582). Although
not statistically significant, but there is a trend seen were the CLIC3-wt overexpressing
cells do appear to grow better than the cells transformed with pGEX-6P-1 only in the
presence of 5 mM. H202, Figure 3.10. However, results showed that there is a higher
significant difference in the growth rate of the CLIC3-wt overexpressing cells when it
compared to the mutant CLIC3-Cys22,25A in pGEX-6P-1 plasmids as the P value is (p
=0.0024). This result also supports the hypothesis that wild type CLIC3 protein provides

some antioxidant cell protective effect.
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Figure 3. 11 Growth of E. coli BL21 (DE3) cells transformed with pGEX-6P-1 (empty
vector), wild type CLIC3 in pGEX-6P-1 and CLIC3-Cys 22,254 in pGEX-6P-1
plasmids after 3 hours of incubation started at 0.6 OD in the absence and presence of
5 mM. H20: over increasing period. The growth rate was monitored over 6 hours of
incubation. The analysis was performed using Graph pad prism 8. Data shown are
means = S.E of at least three independent experiments. The asterisks * and **
correspond to significant (p<0.05 and p<0.01 respectively) difference in the growth

rate of the cells (N=3).

Moreover, further statistical analysis was performed by carrying out the ordinary one-

way ANOVA multiple comparisons statistical test (results as shown in table 3.5).

Bacterial cells Difference in | P Value

activity
CLIC3-wt vs. CLIC3-wt+ H202 Significant <0.0001
CLIC3-wt vs. CLIC3-Cys22,25A Significant <0.0001

CLIC3-wt vs. Empty Control Vector+ H202 Significant <0.0001

CLIC3-wt+ H202 vs. CLIC3-Cys22,25A Significant 0.0010

CLIC3-wt+ H202 vs. Empty Control Vector Significant <0.0001
CLIC3-Cys22,25A vs. CLIC3-Cys22,25A+ H202 Significant <0.0001
CLIC3-Cys22,25A vs. Empty Control Vector Significant 0.0031
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CLIC3-Cys22,25A vs. Empty Control Vector+ H202 Significant <0.0001
CLIC3-Cys22,25A+ H202 vs. Empty Control Vector Significant <0.0001
CLIC3-Cys22,25A+ H202 vs. Empty Control Vector+ H202 Non-significant | 0.7174

Empty Control Vector vs. Empty Control Vector+ H202 Significant <0.0001

Table 3. 5 Test results comparing the growth rate of the E. coli BL21 (DE3) cells
transformed with pGEX-6P-1 (empty vector), wild type CLIC3 in pGEX-6P-1 and
CLIC3-Cys 22,254 in pGEX-6P-1 plasmids after 3 hours of incubation started at 0.6
OD in the absence and presence of 5 mM. H202. The growth rate was monitored over
6 hours of incubation. p values obtained by performing ordinary one-way ANOVA test

Sfor multiple sample comparisons.

Additionally, in order to determine the critical role of the Cysteine residues located in
the CLIC3 enzyme active site, the mutant version CLIC3-Cys22,25A was exposed to
different concentrations of H202 (2.5, 5.0 and 10.0 mM). Results showed that the
growth rate of the E. coli BL21 (DE3) rCLIC1-Cys22,25A mutant cells were
significantly lower than the E. coli BL21 (DE3) bacterial cells transformed to express
the CLIC3-wt protein as seen in Figure 3.8. Furthermore, the bacterial cells transformed
to express the CLIC3-wt protein cells did not showed any significant difference in their
growth rate when compared to the cells transformed with pGEX-6P-1 only as the P
value was (p = 0.5182) or to the cells CLIC3-Cys 22,25A in pGEX-6P-1 plasmid (p =
0.1029) as seen in Figure 3.9. Although not statistically significant, but there is a trend
seen were the CLIC3-wt overexpressing cells do appear to grow better than the cells

transformed with pGEX-6P-1 only or to the cells CLIC3-Cys 22,25A in pGEX-6P-1

170




plasmid in the presence of different concentrations of H202 (2.5, 5.0 and 10.0 mM).
H202, Figure 3.10.

Furthermore, the growth rate of E. coli bacterial cells transformed to express the mutant
CLIC3-Cys22,25A was monitored over 6 hours in the presence of 5.0 mM H20:.
Results in Figure 3.10 revealed that the growth rate of the mutant CLIC3-Cys22,25A
cells significantly decreased when it compared to the E. coli BL21 (DE3) bacterial cells
transformed to express the CLIC3-wt protein. Results in Figure 3.11 showed that the
growth rate of the mutant CLIC3-Cys22,25A cells dropped when it compared to the E.
coli BL21 (DE3) bacterial cells transformed to express the CLIC3-wt protein as the P
value was (P=0.0024) in the presence of 5 mM . Unlike CLIC1, CLIC3 protein contain
dithiol active site cysteines (Cys-22 and Cys-25). Interestingly, our results provide a
strong indicative that both Cysteines (Cys-22 and Cys-25) are essential for the cellular

antioxidant activity of the CLIC3 proteins.

3. 7 Assessment of CLIC4 cellular antioxidant activity

CLIC4-wt was also assessed for potential antioxidant protective functions. The growth
rate of E. coli BL21 (DE3) bacterial cells transformed to express the recombinant wild
type CLIC4 protein was compared to vector control transformed cells. As seen in Figure
3.12, the growth rate of E. coli BL21 (DE3) bacterial cells transformed to express the
CLIC4-wt protein appears to be marginally higher than the cells transformed with

pGEX-2T vector, across a range of different H202 (2.5, 5.0, 10.0 mM) concentrations.
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Figure 3. 12 Growth of E. coli BL21 (DE3) cells transformed with pGEX-2T (empty
vector), and wild-type CLIC4 in pGEX-2T plasmids after 3 hours of incubation in
different concentration of H202 (2.5,5.0 and 10 mM). The results were performed
using excel 2010 and the error bars indicate the standard deviation from three

independent readings.

Figure 3.13 shows the absorbance at 600nm for each cell line, from graph in Figure
3.12. However, the growth rate of E. coli BL21 (DE3) bacterial cells transformed to
express the CLIC4-wt protein appears to be marginally higher than the cells transformed
with pGEX-2T wvector, across a range of different H202 (2.5, 5.0, 10.0 mM)
concentrations. However, the statistical analysis using ordinary one-way ANOVA
multiple comparison statistical test analysis, demonstrates that the CLIC4-wt
overexpressing cells did not show any significant difference in their growth rate,
compared to the cells transformed with pGEX-2T only, as shown in Table 3.6, revealed

the p values obtained by performing ordinary one-way ANOVA multiple comparison
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statistical analysis test. Although not statistically significant, but there is a trend seen
were the CLIC4-wt overexpressing cells do appear to grow better than the cells
transformed with pGEX-2T only plasmid in the presence of different concentrations of

H202 (2.5, 5.0 and 10.0 mM). H202, Figure 3.12.

1.5+ ‘ I 1n.s.
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Figure 3. 13 Growth of E. coli BL21 (DE3) cells transformed with pGEX-2T (empty
vector), and wild-type CLIC4 in pGEX-2T plasmids after 3 hours of incubation in
different concentration of H202 (2.5,5.0 and 10 mM). The analysis was performed
using Graph pad prism 8. Data shown are means = S.E of at least three independent

repeats of growth rate experiments (N=3). The asterisks * and ** correspond to
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significant (p<0.05 and p<0.01 respectively) difference in the growth rate of the cells

(N=3).

Table 3. 6 Test results comparing the growth rate of the E. coli BL21 (DE3) cells
transformed with pGEX-2T (empty vector), wild-type CLIC4 in pGEX-2T plasmids
after 3 hrs. of incubation started at 0.6 OD in the presence and absence of H20:? at
different concentration (2.5,5.0 and 10 mM). The growth rate was monitored over 3
hours of incubation. p values obtained by performing ordinary one-way ANOVA test

Sfor multiple sample comparisons.

Bacterial cells Difference in P Value

activity

CLIC4-wt OmM H202 vs. Empty Control Vector OmM | Non- significant | 0.4088

H202

CLIC4-wt 2.5mM H202 vs. Empty Control | Non- significant | 0.5264

Vector2.5mM H202

CLIC4-wt 5mM H202 vs. Empty Control Vector SmM | Non-significant | 0.3550

H202

CLIC4-wt 10mM H202 vs. Empty Control Vector | Non-significant | 0.9995

10mM H202

The results in Figure 3.14, showed that the CLIC4-wt overexpressing cells grew the
same or only better than the cells transformed with the vector only in the presence of 5.0

mM H202 over the 6 hours of investigation.
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Figure 3. 14 Growth of E. coli BL21 (DE3) cells transformed with pGEX-2T (empty
vector), and wild type CLIC4 in pGEX-2T plasmids after 3 hours of incubation
started at 0.6 OD in the absence and presence of 5.0 mM. H202 over increasing
period. The growth rate was monitored over 6 hours of incubation. The results were
performed using excel 2010 and the error bars indicate the standard deviation from

three independent readings.

Additionally, as seen in Figure 3.15, shows the area under the curve for each cell line,
we determine the P value using ordinary one-way ANOVA multiple comparison
statistical test analysis. Even though the CLIC4-wt overexpressing cells appeared to
grow better than the cells transformed with the vector only in the presence of 5.0 mM
H202 within 6 hours of investigation, this did not hold true following statistical

analysis. The CLIC4-wt overexpressing cells did not showed any significant difference
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in the growth rate when compared to the cells transformed with the vector only in the
presence of 5.0 mM H202 as the p value obtained is (p = 0.7432). Although not
statistically significant, but there is a trend seen were the CLIC4-wt overexpressing cells
do appear to grow better than the cells transformed with pGEX-2T only plasmid in the

presence of 5.0 mM H202, Figure 3.14.

AUC [Agonm xTime]

Figure 3. 15 Growth of E. coli BL21 (DE3) cells transformed with pGEX-2T (empty
vector), and wild type CLIC4 in pGEX-2T plasmids after 3 hours of incubation
started at 0.6 OD in the absence and presence of 5.0 mM. H202 over increasing
period. The growth rate was monitored over 6 hours of incubation. The analysis was
performed using Graph pad prism 8. Data shown are means £ S.E of at least three

independent repeats of growth rate experiments (N=3). The asterisks * and **
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correspond to significant (p<0.05 and p<0.01 respectively) difference in the growth

rate of the cells (N=3).

Moreover, further statistical analysis was performed by carrying out the ordinary one-

way ANOVA multiple comparisons statistical test (results as shown in table 3.7).

Bacterial cells Difference in P Value
activity
CLIC4-wt vs. CLIC4-wt+ H202 Significant 0.0005
CLIC4-wt vs. Empty Control Vector+ H202 Significant <0.0001
CLIC4-wt+ H202 vs. Empty Control Vector Significant 0.0257

Empty Control Vector vs. Empty Control

Vector+ H202 Significant 0.0027

Table 3. 7 Test results comparing the growth rate of the E. coli BL21 (DE3) cells
transformed with pGEX-2T (empty vector), and wild type CLIC4 in pGEX-2T
plasmids after 3 hours of incubation started at 0.6 OD in the absence and presence of
5 mM. H202. The growth rate was monitored over 6 hours of incubation. p values
obtained by performing ordinary one-way ANOVA test for multiple sample

comparisons.
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Interestingly, our results showed that of the three rCLICs transformed bacterial cells
studied, the cells transformed with rCLIC1 demonstrate highest tolerance to H202,
compared to either rCLIC3 or rCLIC4, when the cells are exposed to different
concentrations of H202 (2.5, 5.0, 10.0 mM) after three hours of incubation. By contrast,
statistical analysis showed the area under the curve for each cell line, we determine the
p value using ordinary one-way ANOVA multiple comparison statistical test analysis.
The cells transformed with rCLIC1-wt showed a significant difference in the growth
rate when compared to the growth rate of the CLIC1-Cys24S as the p value obtained
was p=0.0124 and p=0.0008 at 2.5 and 5SmM concentration of H202 respectively after
three hours of incubation. Furthermore, the cells transformed with rCLIC1-wt revealed
a significant difference in the growth rate when it compared to the growth rate of the
empty vector at 10mM concentration of H202 after 3 hours of incubation (result shown
in Figure 3.3 and Table 3.1). Furthermore, the results in (Figure 3.11 and Table 3.4),
showed that there is a higher significant difference in the growth rate of the CLIC3-wt
overexpressing cells when it compared to the mutant CLIC3-Cys22,25A in pGEX-6P-1
plasmids at as the P value is (p =0.0024) at SmM concentration of H202 after three
hours of incubation. Additionally, the CLIC3-wt overexpressing cells did not showed
any significantly difference in the growth rate when compared to the cells transformed
with pGEX-6P-1 only in the presence of 5 mM. H202 as the P value obtained is (p =

0.0582) (result shown in Figure 3.11 and Table 3.4).

While, rCLIC4-wt overexpressing cells did not show any significant difference in their
growth rate under the same conditions (SmM. H202), after three hours of incubation.,

compared to the cells transformed with pGEX-2T only, as shown in Figure 3.13 and
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Table 3.6, revealed the p value obtained by performing ordinary one-way ANOVA

multiple comparison statistical analysis test is (P= 0.3550).

3. 8 Discussion

ROS are very toxic to organisms, where increased generation of ROS can diminish
cellular redox homeostasis leading to post translational modification or/and disruption
to the normal function of proteins, DNA and lipid molecules (53, 54). The damage
caused by ROS are referred as oxidative stress and are due to excessive levels of ROS.
Therefore, ROS attack many biomolecules such as lipids, nucleic acids, proteins and
carbohydrates resulting in various biological damages (2).

DNA and RNA undergo oxidation which can cause strand breaks and mutations both of
which may be responsible for ageing and carcinogenesis. This oxidation occurs in
components of these nucleic acids such as the bases; for instance, guanine base is
oxidised in 8-hydroxydeoxyguanisine, a biomarker of DNA damage. Similarly, RNA is
more sensitive than DNA as it is composed only of one strand and does not have DNA
repair mechanisms. Lipids are also modified by oxidation. This change of lipids causes
cell membrane dysfunction and loss of signal transduction due to inactivation of
receptor and enzymes (55).

As regards of proteins, many oxidative modifications can occur leading to inactivation,
degradation, structure modification and thus disorders in signalling pathways.
Modifications are usually based on the sulphur group of cysteine (Cys) and methionine
amino acids through thiol oxidation, in the carbonyl group leading to carbonylation and
tyrosine amino acids via nitration (3-nitrotyrosine) (2, 16). Indeed, Exposure to excess

ROS may result in post-translational modification (PTM), including S-
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glutathionylation, S-nitrosylation, acetylation and phosphorylation, which regulate the

cellular function (56).

Furthermore, members of the glutathione S-transferase (GST) family’s function in the
detoxification of various toxic compounds such as carcinogens, drugs, environmental
toxins and products of oxidative damage. The GST omega group demonstrates
glutaredoxin-like activity, metabolizing reactive oxidants and thereby protecting cells
from ROS (57). The GSTs have been extensively studied for their catalytic role in the
detoxification of electrophilic compounds and in the removal of endogenously produced

free radicals (Reactive Oxygen Species) via their glutathione peroxidase activity (58).

In that regards, we postulated that the CLIC proteins can function as oxidoreductase
enzymes within a living cell and could also mediate redox signalling like Trx, Grx and
GSTs by performing an ability to oxidize the reduced glutathione (GSH) to disulphides
via the reaction of S-glutathionylation. In this study, we used the hydrogen peroxide
(H202), a known oxidative stress inducer. Hydrogen peroxide performs an ability to
oxidize the reduced glutathione (GSH) to disulphides through the possibility to exert the
reaction of S-glutathionylation (59).

Our findings in Chapter 2 indicate that the CLIC protein family demonstrate
glutaredoxin-like enzymatic activity when in their soluble form. In this Chapter, we
focused on the oxidoreductase activity within a living cell and we aimed to investigate
whether expression of rCLIC proteins by bacterial cells could provide increased
tolerance to oxidative stress. The results obtained from these experiments presented for
the first time that the CLIC1 afforded the highest level of antioxidant protection within a

living cell and can serve to protect cells against oxidative damage and circumvent
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oxidative stress, while it was less convincing for CLIC3 and not the case for CLIC4. In
thinking about why this might be the case, consider that the various CLICs may likely
require specific conditions in order to work optimally — therefore under these current
conditions we only really saw an effect by CLIC1 and a lesser effect for CLIC3.

For this purpose, we compare whether expression of rCLIC1 protein by bacterial cells
could provide increased tolerance to oxidative stress. As shown in Figure 3.2, within the
range of H202 concentrations tested during this study, the growth of the bacterial cells
expressed with the CLIC1-wt protein were higher than the empty cells. Further
statistical analysis was carried, and according to ordinary one-way ANOVA multiple
comparison the growth rate for the cells transformed with the CLIC1-wt protein, the
cells transformed with the empty vector and CLIC1-Cys24S were analysed. The
analysis reveals that there is a significant difference in the growth rate of the tested cells
within the range of H202 concentrations tested (the results showed in Figure 3.3).
Moreover, the effect of the H2O2 was also analysed on the growth of the bacterial cells
expressed with the CLIC1-wt protein and empty cells with respect to time. As expected,
the bacterial cells expressed with the CLIC1-wt protein were grown higher than the
empty cells at 5.0 mM within 6 hours of investigation Figure 3.6. Additionally, the
results in Figure 3.7 reveals the area under curve for each cell line, using Ordinary one-
way ANOVA multiple comparison statistical test analysis, CLIC1-wt overexpressing
cells present a significantly higher growth rate compared to the cells transformed with
pET28a only at 5.0 mM within 6 hours of investigation.

Similarly, where the growth of the bacterial cells expressed with the rCLIC3 protein
were grown slightly better than the empty cells within the range of H202 concentrations
tested, Figure 3.8. The statistical analysis showed the absorbance at 600nm for each cell

line, using ordinary one-way ANOVA multiple comparison statistical test. It was found
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that the CLIC3-wt overexpressing cells did not showed any significant difference in
their growth rate when compared to the cells transformed with pGEX-6P-1 vector only,
within the range of H202 concentrations tested Figure 3.9.

In addition to, the growth of the bacterial cells expressed with the rCLIC3-wt protein
and the cells transformed with pGEX-6P-1 only were grown higher than the mutant
CLIC3-Cys22,25A in pGEX-6P-1 plasmids at 5.0 mM of H202 within 6 hours of
investigation, Figure 3.10. The results in Figure 3.11 using Ordinary one-way ANOVA
statistical test analysis of the absorbance at 600nm calculated for each cell line,
indicated that the CLIC3-wt overexpressing cells did not showed any significantly
difference in the growth rate when compared to the cells transformed with pGEX-6P-1
only. However, the results showed that there is a higher significant difference in the
growth rate of the CLIC3-wt overexpressing cells when it compared to the mutant
CLIC3-Cys22,25A in pGEX-6P-1 plasmids at 5.0 mM H202 within 6 hours of
investigation. E. coli cells expressing Cys mutants rCLIC3 Cys22&25 demonstrated
much lower tolerance to H202 than cells expressing rCLIC3. These results support our
hypothesis that the Cys24 in CLIC1 and Cys22&25 in CLIC3 essential for the
antioxidant activity and enzymatic function of CLIC proteins.

Furthermore, this could explain the important of the amino acids Cysteines for CLICs

proteins structure, folding and enzyme catalysis.

Moreover, the results in Figure 3.12 showed that the growth of the bacterial cells
expressed with the rCLIC4-wt protein were to be marginally higher than the empty cells
within the range of H202 concentrations tested. However, the results in Figure 3.13
shows the area under the curve for each cell line, the statistical analysis using ordinary

one-way ANOVA multiple comparison statistical test analysis, demonstrates that the
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CLIC4-wt overexpressing cells did not show any significant difference in their growth
rate cells compared to the cells transformed with pGEX-2T only within the range of

H202 concentrations tested.

In addition, the growth of the bacterial cells expressed with the CLIC4-wt protein and
empty cells were appears to grow same or only slightly better than the empty cells at 5.0
mM within 6 hours of investigation Figure3.14. As seen in Figure 3.15, shows the area
under the curve for each cell line, we determine the P value using ordinary one-way
ANOVA multiple comparison statistical test analysis. Again, the CLIC4-wt
overexpressing cells did not showed any significant difference in the growth rate when
compared to the cells transformed with the vectors only at 5.0 mM within 6 hours of
investigation.

Interestingly, our results showed that of the three rCLICs transformed bacterial cells
studied, the cells transformed with rCLIC1 demonstrate highest tolerance to H202,
compared to either rCLIC3 or rCLIC4. This variation in their oxidoreductase activity
within cells could relate to differences determined by cellular localisation and
environmental factors. Furthermore, subtle structural differences between these
proteins, given the differences in their primary amino acid sequence, would also
contribute to differences in activity. We assumed that each CLICs protein may have
protective roles under other conditions — but in this study only CLIC1 protein indicates
highest level of oxidoreductase activity within cells compared to less convincing CLIC3
proteins and not for the case of CLIC4 proteins. This was postulated to explain
differences between CLICs; however, we do not have evidence for this in the bacterial

cells.
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Taken together, the results in this chapter strongly suggest that CLIC1 and likely CLIC3
function as antioxidants via their oxidoreductase enzymatic activity in cells, capable of
protecting the cells against oxidative damage and circumventing oxidative stress.

As previously mentioned in literature review (Chapterl) that the CLIC proteins were
highly expressed in different cell types. Multiple physiological functions other than
membrane trafficking and cell survival have been ascribed to CLIC family members,
and these include their ability to function as scaffolds, their contribution to maintaining
cell polarity during cell division as well as a role in cell migration. CLICs have been
shown to be enriched at sites comprising large complexes of scaffold and signalling
molecules, suggestive of their role as adaptor proteins in the context of many cellular

Pprocesses.

CLIC2 is widely distributed in human tissues including heart and skeletal muscle (60).
It is a strong inhibitor of cardiac ryanodine receptor (RyR) channels and may play an
important role in intracellular calcium homeostasis (60). CLIC4 1is ubiquitously
expressed in different cell and tissue types (61). It is associated with several
physiological functions. Of all the CLICs, the MAP kinase associated CLIC3 is the least

studied CLIC protein and little is known about its exact function (62).

The p64 was the founding member identified from bovine tracheal epithelium and
kidney cortex cells (63, 64). The CLIC5B protein is the human homologue of p64,
which is a 46kDa splice variant of CLIC5A (65). CLIC5A was initially identified as a
component of a cytoskeleton complex and was later found to function as a chloride ion
channel (66). Parchorin is another CLIC protein that was originally identified as a

secretory epithelium phosphoprotein in gastric parietal and airway epithelia cells in
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rabbits (67). It has been implicated in playing a role in the regulation of secretion by

modulating chloride ion channels (60).

Given the plethora of cellular localisations, physiological functions of CLIC proteins
and their expression in different cell types indicate that different local conditions would
also impact on their differing activity within cells. This high variability of CLICs
localisation and distribution could suggest they have different cellular roles within

different cell types or multiple roles within a particular cell type.

Previous studies have shown that the transcription factor OxyR in the E.coli Grx1
functions as a redox sensor by forming an intramolecular disulphide bond when the
environment becomes oxidised. The oxidised OxyR activates the expression of
antioxidant genes involved in the response to the H202 and is subsequently inactivated
by enzymatic reduction of the disulphide by E.coli Grx1 (68). Thus the evolutionary
conservation in E.coli of a disulphide activated transcription system as a key response
system to hydrogen peroxide makes the presence of such system highly plausible.
Furthermore, GSH also plays an indirect role in cells under peroxide stress by reducing
oxidized OxyR in a similar manner to glutaredoxin 1. Thus, when the oxidative
challenge has passed, OxyR is restored to its reduced and transcriptionally inactive state

(69).

In bacterial cells, the physiological concentration of GSH ranges from 0.1 to about 10
mM. In Escherichia coli the glutathione content increased significantly during

transition from exponential to stationary phase. Because of its two carboxyls, one
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amine, and one thiol group, GSH is highly soluble in aqueous solutions and in polar
solvents.

Furthermore in E. coli, the GSH plays a critical role in protection against environmental
stresses which include osmotic shock, acidity, protection against toxins like
methylglyoxal, chlorine compounds like hypochlorous acid and monochloroamine, and
oxidative stress induced by peroxides, such as hydrogen peroxide (H202) or alkyl
hydroperoxides. Also, the GSH is involved in the regulation of intracellular potassium

levels and in preventing the formation of aberrant protein disulfides in the cytoplasm

(69).

Moreover, some of the prokaryotes that lack glutathione, but they seem to produce
another different low molecular weight thiol which appear to function in a similar way
to GSH. For example, anaerobic sulfur bacteria use glutathione amide, while the major
thiols in aerobic phototrophic halobacteria and in actinomycetes are y-glutamylcysteine
and mycothiol, respectively (70, 71).

Indeed, the most important mechanisms of transducing oxidant dependent signals are
through the amino acid cysteine (Cys, C) due to its sulthydryl side chain (SH).
However, only certain cysteine residues have been denoted as ‘reactive’, meaning they
can be readily oxidized, reduced and otherwise modified. This microenvironment
favours the loss of a proton from the SH group of cysteine, forming a thiolate anion (S-)
which can then be oxidized to sulfenic acid (SOH), the initial oxidation product of
cysteine (72).

The addition of the external H202 would generate a concentration gradient through cell
membrane (73), building up the oxidative environment to mimic oxidative stress. Inside

cells, the environment is normally reduced due to high levels of GSH (59). However,
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oxidative stress can alter this environment allowing exposed cellular thiols to become
oxidized (74). Thus, thiol oxidation causing a significant production of reactive oxygen
species (ROS) (75). In turn, increased generation of ROS and superoxides leads to
cellular damage and can induce apoptosis. The introduction of the oxidant (Hydrogen
Peroxide) would result in oxidation of thiol groups, specifically on cysteine residues
(16, 59), along with other susceptible reactive groups within cells. Furthermore, in the
process of stress disposal, oxidative stress leads to the accumulation of GSSG from the
reaction between GSH and H202. The excessive production of GSSG facilitates the S-
glutathionylation of proteins, making them as cellular targets of oxidative stress (76,
77).

Therefore, we speculate that the CLICI proteins function as antioxidant and
oxidoreductase enzymes within the cells and less convincing for the CLIC3 proteins and
not on the case of CLIC4 proteins, its ability to do this via its active site motif (Cysteine

residues), (the monothiol Cys24 in CLICI1 and dithiol Cys 22,25 in CLIC3).

Thus, we are looking at its ability to reduce other substrates and investigate the effect of
the oxidant molecule H202 on the growth rate of the bacterial cells. In this study, we
mutated the Cys24 in the CLICI to serine and the Cys22,25 in the CLIC3 to alanine, by
challenging these mutants to the oxidant (H202) at different concentrations of the
oxidant (2.5, 5.0 and 10.0 mM) after 3 hours of incubation. Also, at the same
concentration (5 mM) over increasing a time of period within 6 hours of investigation.
We found that the cysteine 24 residue in the CLICI1 structure was susceptible to
oxidation as seen in Figure 3.2 and Figure 3.6, that the growth rate of the E. coli BL21
(DE3) rCLIC1-Cys24S mutant cells significantly lower than the E. coli BL21 (DE3)

bacterial cells transformed to express the CLIC1-wt protein.
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In contrast, both cysteine 22,25 residues in the CLIC3 structure was susceptible to
oxidation. Results showed in Figure 3.8 and Figure 3.10, that the growth rate of the
mutant CLIC3-Cys22,25A cells decreased when it compared to the E. coli BL21 (DE3)

bacterial cells transformed to express the CLIC3-wt protein.

This result assign that the CLIC1 protein which contain monothiol G-active site, act as a
monothiol, while the CLIC3 contain a dithiol G-active site and act as a dithiol of
oxidative stress and redox regulation. This active site coupled with the Glutathione
peptide (GSH) that is used as a cofactor in the redox reactions catalysed by members of
the Grx family. According to this activity, the disulphide bond in protein targets and
other component substrates are reversibly reduced, leading to maintain a healthy
reduced state within cells intracellular environment (16). However, further studies are
needed in order to establish a distinct dithiol catalytic mechanism by CLIC2 and CLIC3
compared to the monothiol members CLIC1 and CLIC4 (78).

So far, to conclude the results presented in this study demonstrate for the first time that
rCLIC1 showed the highest level of antioxidant and oxidoreductase enzymes within
prokaryotic cells when it compared to rCLIC3 and rCLIC4. However, further
investigations would be necessary to explain the role played by these proteins in the
regulations and the relevance in general cell metabolism. It is important to keep in mind
that the extent of modified protein can be a minor part of total cellular pool, and that
these modifications might not be relevant for the regulation of the pathway. Indeed,
several proteins, as moonlighting protein that are diverted, after modifications, to
different functions. This enzymatic versatility is regulated in part by cysteine-based
redox modifications that could alter the CLIC activity and its sub-cellular localization.

Generally, these modifications occur under stress conditions, but they might be relevant
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also under normal conditions. Considering the central role of CLICs proteins in
different cellular metabolism also their expression in versatile cellular localization could

help understanding of this complex regulation is a challenge for the future.

Furthermore, our results strongly suggest that the CLICs proteins contains cysteines
sensitive to redox modifications, in particular Cys-24S in CLIC1 and Cys-22,25A in
CLIC3, these Cysteines are target of S-glutathionylation. It will be interesting to
understand the interplay between the modifications and analyse how these modifications
affect the protein activity in vivo under stress conditions. Considering that the structural
features for the redox regulation are directly involved in determination of the type and
extent of redox modifications, by solving the 3D-structure of the protein could be a
powerful tool to analyse the protein microenvironment of each cysteine residue that

influence the sensitivity to different type of redox modifications.

To summarise, our results strength the proposal that the soluble CLIC1 proteins could
act as general antioxidant and an oxidoreductase enzyme in cells. This suggest an
additional role of CLICs proteins in the cellular processes of detoxification and
oxidoreduction. This is also supported by the structural evidences that the CLICs
proteins have a high level of structural and functional similarity with the GST-Q, Grxs

and Trxs with the latter three groups have well-known oxidoreductase class of enzymes.
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3.9 Concluding Remarks

The imbalance between the production of ROS and protective reducing environment
can cause toxic effects through the overproduced free radicals and peroxides, which
may damage the cellular components, such as lipids, DNA and proteins. When the
production of the reactive oxygen species (ROS) exceeds the cleaning ability of the
cellular antioxidant system, the oxidative stress occurs. S-glutathionylation by the
addition of small chemical groups. Within these posttranslational modifications, S-

glutathionylation is what we are most concerned.

Previous data from our group indicated that the CLICs demonstrate glutaredoxin-like
enzymatic activity when in their soluble form (78). In the current study, we found that
the protein CLICI and to a lesser extent CLIC3, act as cell protective proteins and
possesses a cellular antioxidant activity. We observed significantly higher tolerance to
different concentrations of the oxidant H>O»> in bacterial E. coli cells expressing CLICI
in comparison to the respective control bacterial E. coli cells. Interestingly, the mutant
forms of the proteins lacking the critical cysteine residue in the enzymatic active site did
not. Although further experiments are required to elucidate the mechanism through
CLICs proteins cellular antioxidant activity. However, this study demonstrates for the
first time the direct cellular antioxidant activity by CLIC1 and confirms it is a
moonlighting protein, with two distinct functions — a membrane ion channel and an

antioxidant oxidoreductase enzyme.

The findings of this chapter added a small piece to the big complex picture of redox
regulation and may inspire others for future studies, because it is evident that ROS play

essential roles in both physiological and pathological conditions. Also, the ROS system
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is important for defending, cellular detoxification and redox signalling. To summarize,
this chapter investigated the role of CLIC proteins to protect the cells under oxidative

stress.
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4. 1 Introduction

The process of protein glutathionylation provides a primary line of defense against
irreversible protein damage caused by oxidative stress. Glutathionylation is defined as a
post translational modification (PTM) of protein thiol groups via the formation of mixed
disulphides with glutathione (1). On oxidative insult, redox sensitive protein thiol groups
are glutathionylated (capping cysteine residues), thus shielding them from irreversible
oxidative damage. This reaction may occur spontaneously, but growing evidence suggests
the catalytic involvement of the Glutaredoxin (Grx) family thioltransferases (2).
Additionally, glutathionylation reactions may also be reversed via deglutathionylation,
specifically, removal of protein bound glutathione. Glutaredoxins and sulfiredoxin are
known to catalyse the deglutathionylation of proteins and thus protect protein thiols from
oxidation to either the oxidized sulfenic acid or sulfinic acid forms (3). Thus, protein thiol
groups can be transiently capped with glutathione until the redox balance is restored, at
which time proteins can be enzymatically deglutathionylated. This makes glutathione an
indispensable player in the regulation of cellular redox homeostasis. Aside from its well
characterised role in oxidative stress, reversible glutathionylation in the absence of
oxidative stress, as a post-translational protein modification, has also been shown to affect
protein function. Indeed, glutathionylation has been shown to have an impact on the
regulation of the cell cycle, apoptosis and inflammation (4). Therefore, the mechanisms
and enzymatic mediators involved in the glutathionylation cycle are of great interest

under both oxidative and non-oxidative conditions.

Most GSTs possess a tyrosine or serine residue at their active site, responsible for

catalysing conjugation reactions between GSH and electrophilic substrates. Previous data
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have confirmed that GSTOI-1 contributes to protein glutathionylation and
deglutathionylation reactions (1). Due to the CLIC protein members having structural
similarity to the GSTOI1-1, we postulate that CLIC proteins may also contribute to
glutathionylation and deglutathionylation reactions. The CLIC’s crystal structure is also
suggestive of a novel role for the CLIC proteins in the glutathionylation cycle, as their
active site is “open”, and thus could accommodate large substrates, such as proteins (5,
6). Based on these recent findings, my project proposes that CLICs proteins may regulate
a variety of target proteins via a common redox sensitive mechanism. In this chapter, the
ability of CLIC proteins to undertake glutathionylation and deglutathionylation reactions

has been investigated.

4. 2 Redox Regulation

The change of redox-state of thiols can occur after challenge by environmental stresses,
in order to maintain cellular homeostasis and prevent oxidative damage (7). The oxidative
burst by these stresses depends on accumulation of reactive oxygen species (ROS)

including superoxide radical (O27), hydrogen peroxide (H,O,) and hydroxyl radical (OH"),

together with singlet oxygen ('O, ) (8). Among amino acids, the most oxidation-
susceptible residues are the sulphur containing ones, cysteine and methionine (9).
Although the cysteine residue is one of the least abundant amino acids, it plays important
roles in reversible regulation, through change in the redox state of proteins, followed by
changes in structural, catalytic and regulatory functions (8, 10). Cysteinyl thiols are
particularly susceptible to oxidative modifications and can undergo a broad spectrum of
redox reactions that are dependent on the species and concentration of oxidants they

contact (11). Indeed, the formation of disulfide bridges through the Trx-system may
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contribute to maintenance of protein structural stability, regulation of enzymatic activity
and binding of cofactors or other proteins (1). Trx regulation is not the only regulation of

thiol groups, with the cysteines also able to undergo reversible glutathionylation (12, 13).

Several antioxidant defense systems are important in combating ROS production and
include enzymatic and non-enzymatic mechanisms. The major intracellular antioxidant is
the non-protein thiol glutathione (GSH). Glutathione exists in virtually all cells in the
millimolar concentration range and it is the most abundant non-protein thiol present in
cells (14-16). Glutathione is involved in various cellular process including growth, cell
differentiation, cell cycle progression, transcriptional activity, pathogen resistance,
cytoskeletal functions, and metabolism, stomatal closure, signaling protein, energy
metabolism, protein folding and degradation (14-17). Moreover, glutathione is involved
in the cysteine-based redox modification S-glutathionylation, consisting in the formation
of a transient mixed disulfide between an accessible protein thiol and one molecule of
glutathione (1). Glutathione is a tripeptide antioxidant consisting of -glutamyl-cysteinyl-
glycine synthesized by -glutamylcysteinyl synthetase (18, 19) (Figure 4.1). The
glutathione redox cycle involves cycling between reduced glutathione (GSH) and
oxidized glutathione (GSSG), with the reduction of GSSG occurring via the action of the
enzyme glutathione reductase (2, 20). The GSH/GSSG ratio is used as a good indicator
of intracellular redox status (21). Several other enzymes use GSH to detoxify radical
species, including glutathione peroxidase and glutathione S-transferases (22). Because of
these defenses, H2O> can be tolerated by cells to micromolar concentrations before it
becomes lethal (22). Moreover, excess production of ROS or inhibition of antioxidant

defense systems can result in an imbalance, leading to oxidative stress (7, 22).
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Figure 4. 1 Glutathione redox cycle. The first step in the biosynthesis of GSH involves
the conjugation of the -carbon of glutamate to cysteine, via the enzyme -
glutamylcysteinyl synthetase, which is the rate-limiting step. The final step involves
addition of glycine. The resulting reduced GSH can participate in the glutathione redox
cycle. Oxidation of GSH by ROS converts 2 GSH molecules into GSSG. This process can
be catalysed by enzymes, such as glutathione peroxidase. Glutathione reductase can use
the reductant NADPH to reduce GSSG back to GSH, completing the cycle (18). Enzymes

are in red. Figure adapted from (18).

4. 3 Protein S-glutathionylation

4.3. 5 Mechanisms of glutathionylation

Redox status is now recognized as a means of regulating various proteins and enzymes
under physiological and pathological conditions (4). One prominent modification is
reversible protein S-glutathionylation, a post-translational modification of proteins

involving formation of a mixed disulfide between a protein cysteinyl residue and GSH.
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This occurs in response to oxidative stress and may be a mechanism to protect proteins
from irreversible oxidative damage (23). Oxidation of protein thiols can result in the
formation of sulfenic acids (-SOH), which can be further oxidized to sulfinic (-SO2H) or
sulfonic acids (-SO3H) (4). Protein glutathionylation can also occur in the absence of
exogenous oxidative stress, and may be a mechanism for redox regulation of protein
function under physiological conditions (4, 24). Interestingly, increases in protein S-
glutathionylation have been shown to occur in various disease states, including
hyperlipidemia, diabetes mellitus and chronic renal failure (4). The exact mechanisms of
protein S-glutathionylation are still the subject of much debate. They include thiol-
disulfide exchange, sulfenic acid intermediates, thiyl radical intermediates, and S-
nitrosylated intermediates (Figure 4.2A). Thiol-disulfide exchange depends on the
GSH/GSSG ratio and may occur through an exchange between GSSG and protein thiol
exchange. More plausible mechanisms involve reactive thiol derivatives including
sulfenic acids or thiyl radical intermediates. Sulfenic acids formed under physiological
conditions, are highly unstable and rapidly undergo further oxidation to sulfinic or
sulfonic acids. Sulfenic acids are believed to be the major protein intermediates that are
readily glutathionylated. Thiyl radicals are amongst the shortest-lived sulthydryl
derivatives and form glutathionylated proteins through radical recombination or reaction
with a thiolate and O» (23, 25). The major enzyme that has been shown to catalyse the
reactions between GSH intermediates and protein S-glutathionylation is glutaredoxin
(Grx). The Glutaredoxin proteins are part of the family of thioltransferases and have been
shown to be the major deglutathionylating enzymes (4). Due to the low pKa of the active
site-cysteine, Grx may catalyse protein glutathionyation through stabilization of the

glutathione thiyl radical, allowing the active site-cysteine to become glutathionylated. It
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is then reduced back to its original state by GSH (Figure 4.2B). Interestingly, under some
circumstances, inhibition of Grx resulted in increased protein glutathionylation (26).
Therefore, it is likely that the redox state of the cell contributes to the de /

glutathionylating activity of Grx. It also suggests involvement of other proteins in cellular

glutathionylation.
A GSH )
Protein-SSG
oy
i H,0 CF
GSSG o,
Protein-SH Protein-SSG--
iv
GSH GSH GSNO
ii Protein-SOH Protein-S- iii
ROS Protein-SH
Protein-SH
SH /SSG
GRx + GSS—Protein —— GRXx + HS—Protein
SH “NSH
GSSG GSH

Figure 4. 2 Mechanisms of protein S-glutathionylation. A) i) Thiol-disulfide exchange
is dependent on GSH/GSSG ratio and oxidation potential for formation of mixed disulfide
(protein-SSG). ii) Sulfenic acid intermediates (-SOH) and iii) thiyl radical intermediates
(RS*) that form as a result endogenously produced ROS are highly unstable and
susceptible to reduction by GSH. iv) S-nitrosylated intermediates can form GSNO
(shown) or proteinSNO formation. These intermediates are more stable than the oxygen
intermediates in ii) and iii) but have been shown to readily react with a variety of proteins

resulting protein-SSG formation. B) Glutaredoxin mechanism of action involves a first
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step monothiol-disulfide exchange between the GRx active site and the glutathionylated
sulfur moiety of protein-SSG resulting in formation of protein-SH. The second step
involves reduction of GRx-SSG by GSH to produce GSSG as the second product,

recycling the reduced enzyme (4). Figure adapted from Mieyl et al. (4).

4.3. 6 Deglutathionylation of target proteins

The de/glutathionylation cycle is a significant mechanism in redox regulation and
signaling processes (27). Glutathionylation of protein targets can be reversed by
deglutathionylation (28), where the GSH is removed from the thiol groups of protein
cysteine residues, consequently regenerating the activities performed by these proteins

(Figure 4.3) (29).

GS-5 G5-3G

: HS
GSH SH

Glutathionylated protein  Deglutathionylated protein Reduced Grx

Figure 4. 3 Deglutathionylation of a target protein by glutaredoxin (Grx). Reduced
glutaredoxin (yellow circle) removes glutathione (GSH) from the glutathionylated protein

and is subsequently reduced by GSH (13, 29).

211



Though deglutathionylation was originally identified as a mechanism to reverse oxidative
stress induced glutathionylation, there is increasing evidence indicating that some
proteins can be actively deglutathionylated in response to oxidative stress (2). The
synergistic activity of glutathione, glutaredoxins and thioredoxin may be considered as
the major gatekeepers of the cellular cysteine thiol pool (30). In addition, numerous
dithiol glutaredoxins are capable of catalysing the GSH dependent reduction of disulfides
or glutathionylated cysteines and are in turn reduced by GSH (29). Non-enzymatic
glutathionylation occurs under oxidative stress without substrate specificity. On the
contrary, deglutathionylation is tightly regulated by enzymes with target specificity even
under normal physiological redox conditions (26, 28).

Deglutathionylation is predominantly catalysed by the glutaredoxin family of
thioltransferases though other enzymes sharing the typical ‘thioredoxin’ fold such as
GSTO and more recently the CLIC proteins, are gradually being characterized with

similar glutaredoxin like activity (1, 31).

4.3. 7 Protein specificity of enzymes catalysing the glutathionylation cycle

The specificity of protein S-glutathionylation has not been fully understood and is still
under wide debate (32). As such, the parameters defining the specificity of enzymes for
glutathionylating and deglutathionylating proteins are not fully understood although
comparison of the reaction mechanism and kinetics with different protein targets have
revealed factors that may influence protein binding and glutathione exchange between the
enzyme and target. In general, it is believed that not all cysteine residues are equally
susceptible to S-glutathionylation in response to the same stimuli. However, no

consensuses motif has yet been identified, relating to S-glutathionylation. Several
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different contributing factors conferring specificity have been however been pointed out

and are discussed below.

Firstly, the accessibility of the thiol group of a given cysteine residue within the protein
three-dimensional structure is the primary factor determining if the thiol of this cysteine
can undergo S-glutathionylation. The reactivity of the cysteine residues is another
determining factor which is dependent upon the adjacent residues or its
microenvironment. It has been suggested that if the cysteine is surrounded with positive
charged residues, it is more reactive because a P-S™ may form through the interaction of
the thiol group with the charged residues. As such, a cationic environment can make the
—SH group particularly susceptible to S-glutathionylation. Thirdly, the helix-dipole effect
has been indicated to contribute to the reactivity of the cysteine residues, which could
lower the pKa of cysteine residues. Moreover, cysteine residues form hydrogen bonds
with charged residues e.g. Ser or His, selenocysteine residues or cysteines bound with
metal ions, e.g. Mg?*, Ca?" or Zn*" are also readily S-glutathionylated (32).

The ability of enzymes such as Grxs, Trxs and sulfiredoxin to catalyse glutathionylation
and deglutathionylation, relies on the exposure of the target thiol on the surface of the
protein (32). Steric hindrance may prevent the cysteine thiol from interacting with the
active site of the enzyme in order to initiate the disulphide exchange (33, 34). As an
example of this, although computational modelling predictions using Cyclophilin A place
Cys 52 and Cys 161 (out of 4 cysteine residues) on the surface of the protein making them
more susceptible to redox modifications, Cys 52 and Cys 62 but not Cys 161 were found
to be significantly glutathionylated in T lymphocytes (35). This suggests that target

specificity cannot be attributed to solvent exposure alone and is dependent on multiple
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(yet to be fully characterized) parameters. Also, the structural conformation of the
enzyme itself, likely dictates the ability of the target protein to ‘dock’ into the crevice
accommodating the active site of the enzyme to enable transient physical interactions

between the two proteins, enhancing the stability of the protein complex (32, 36).

4.3. 8 GSTs and Glutathionylation

The crystal structure of the Omega glutathione transferase family of proteins is suggestive
of a novel role of these proteins in the glutathionylation cycle. Typical of the GST
superfamily, GSTO1-1 possesses the typical GST fold comprised of the N-terminal
‘thioredoxin’ domain which contains the GSH binding site and C-terminal alpha helical
domain (37). Most GSTs possess a tyrosine or serine residue at their active site,
responsible for catalysing conjugation reactions between GSH and electrophilic
substrates. A study by Menon et al. 2013 (1) confirmed for the first time that the protein
GST-Omega-1, catalyses protein de/glutathionylation. As mentioned earlier, there is high
structural homology between the CLIC proteins and Glutathione-S-Transferase
superfamily of enzymes and in particular with the GST-Omega-1 group. Comparison of
the two proteins, CLIC1 and GST-omegal shows they both contain a single cysteine
residue (Cys24 in CLIC1 and Cys32 in GSTO Q1-1) in their active sites and have the
ability to form a mixed disulfide bond with glutathione (5, 38-41). On detailed dissection
of the crystal structure, the active cysteine (Cys24 in CLIC1 and Cys32 in GSTO QI1-1)
were found to form a disulphide bond with GSH, a feature that is characteristic of the
glutaredoxins. Additionally, the GSH binding site is interestingly positioned in a wide
crevasse that can potentially accommodate large substrates such as proteins, suggesting

potential interactions with molecules apart from GSH (42).
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This chapter summarizes and justifies the relevant evidence in support for the hypothesis
that members of the CLIC family would also be capable of this de/glutathionylation
activity. This information led to the main objective of this study to determine if CLICs

proteins have de/glutathionylation activity.

4. 4 Materials and Methods

4.4. 4 Measuring glutathionylation/deglutathionylation activity of CLIC family
members

The catalytic glutathionylation / deglutathionylation activity was measured according to
the method described by Peltoniemi et al. (2006) to evaluate the glutathionylation /
deglutathionylation activity of the purified CLICs proteins (43). In this project, the
catalytic glutathionylation / deglutathionylation assay was performed for both CLIC wild
type proteins and mutant forms of CLIC proteins. This glutathionylation /
deglutathionylation assay was performed using an 8-residue designed substrate peptide.
The reduced substrate peptide (SQLWCLSN), which is used for the glutathionylation
assay and the glutathionylated substrate peptide SQLWC[SG]LSN, which is used for the

deglutathionylation assay were ordered from the company GenScript (China).

In this assay, each catalytic deglutathionylation assay was performed in triplicate in a 96-
well plate (200 pl each well), using the same final concentration (10 uM) of each CLIC
protein added to Mcllvaine’s buffer (2 M sodium hydrogen phosphate, 1 M citric acid,
pH 7.0), 1 mM GSH, 50 uM NADPH, 50 nM Glutathione Reductase (GR), | mM EDTA,
0-20 uM of the glutathionylated peptide (SQLWC[SG]LSN). Fluorescence was recorded
at an excitation wavelength 280 nm and an emission wavelength of 356 nm at 25°C using
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a BioTek Power Wave TM microplate spectrophotometer. All kinetic data analysis was
performed using Microsoft Excel 2010.

For the glutathionylation assay, the assay also was performed in triplicate in a 96-well
plate (200 ul each well), containing the same final concentration of 10 uM for each of the
CLIC proteins added to Mcllvaine’s buffer (2 M sodium hydrogen phosphate, 1 M citric
acid, pH 7.0), along with GSSG (5 mM), 50 uM NADPH, 50 nM GR, 1 mM EDTA, 0-
20 uM of the reduced substrate peptide (SQLWCLSN). Fluorescence was recorded at an
excitation wavelength 280 nm and an emission wavelength of 356 nm at 25°C using a
BioTek Power Wave TM microplate spectrophotometer. All kinetic data analysis was
performed using Microsoft Excel 2010. Background levels determined using the no

protein control, were subtracted from the test samples.

4.4. 5 Pre-incubation of CLIC Proteins with lon Channel Blocker Drug

Stock solutions of 560uM of IAA-94 were freshly prepared by dissolving 0.2 mg/mL of
the drug in ethanol with vertexing until a homogeneous solution of the drug in ethanol
was achieved. IAA-94 were further diluted to 10 uM in Mcllvaine’s buffer (2 M sodium
hydrogen phosphate, 1 M citric acid, pH 7.0), 10 uM final concentration of CLIC1, 3 and
4 proteins were incubated with 10 uM TAA-94 for 1 hour prior to performing the
glutathionylation / deglutathionylation enzyme assay. The glutathionylation/

deglutathionylation enzyme assay was performed as described in the section 4.4.1 above.

4.4. 6 Pre-incubation of CLIC proteins with Cholesterol
50 ul of the cholesterol stock solution (1 mg/ml in chloroform) was added to 200 pl of
KCl/Hepes buffer in a glass test tube. The chloroform was removed using N> gas for

duration of 1 hour. Recombinant CLIC protein (50 pg) was then added to the buffer
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solution containing the cholesterol and incubated for an hour on ice. As a control, CLIC
proteins were pre-incubated in buffer only without cholesterol. The glutathionylation /

deglutathionylation enzyme assay was performed as described in section 4.4.1.

4. 5 Results

4.5. 9 Invitro glutathionylation by CLICI protein, CLICI mutants and the CLIC-like
protein (Exc-4)

The glutathionylating activity of CLIC1 wt, its mutants and CLIC-like protein (Exc-4)
were tested using the non-glutathionylated form of the SQLWCLSN peptide, in the
presence of high oxidized glutathione (GSSG) concentrations. Glutathionylation by the
various CLIC proteins were then measured by monitoring the change in fluorescence,
which is emitted by tryptophan. In these reactions as the GSH was added from the

neighbouring cysteine, we would expect to see a decrease in fluorescence.

The rates of glutathionylation only increased marginally in the presence of the CLIC1 wt.
As expected, CLIC1-Cys24A had minimal to no impact on the reaction rate. Similarly,
the mutant forms of CLIC1 (R29A and K37A) and CLIC-like protein (Exc-4) show
apparent lower glutathionylation activity when compared to CLIC1 protein under these
conditions Figure 4.4. The absolute rate of the glutathionylation activity was low when
compared with the deglutathionylation activity of CLIC1 protein (results shown in the
subsequent section 4.5.4) and when compared to published deglutathionylation results for
GSTO1-1 which showed an approximately 100 fold change in Fluorescence units over a

comparable time period of 4-5 minutes in the same assay (1).
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Figure 4. 4 Assaying glutathionylation of a peptide substrate by CLIC1 and CLICI1
mutants. The change in tryptophan fluorescence indicates glutathionylation of the
peptide (SOLWCLSN) by recombinant human CLICs in the presence of GSSG. The results
are representative traces from three replicates. Error bars represent the standard

deviation of the three independent measurements.

4.5. 10 In vitro glutathionylation by CLIC3 protein and CLIC3 mutant

CLIC3 protein and its mutant form were assayed in the tryptophan fluorescence
quenching assay. As seen in Figure 4.5, the rate of glutathionylation was increased in the
presence of the CLIC3 wt, however this was lower than for CLIC1. CLIC3-Cys22,25A
as would be expected, showed no change in the fluorescence intensity, indicating no

glutathionylation activity.

218



Time (mins.)

Fluorescence (FU)
S N

1
()]

—&—no enzyme

-8 - CLIC1 Cys24A
—=—CLIC3 Cys22,25A
WT CLIC3
-10 - —#—WT CLIC1

Figure 4. 5 Assaying glutathionylation of a peptide substrate by CLIC1 and CLIC3.
The change in tryptophan fluorescence indicates the rate of peptide (SOQLWCLSN)
glutathionylation by recombinant human CLICs in the presence of GSSG. The results are
representative traces from three replicates. The error bars indicate the standard

deviation from three independent readings.

4.5. 11 In vitro glutathionylation by CLIC4 protein
CLIC4 was also tested in the tryptophan fluorescence quenching assay. As seen in Figure
4.6, CLIC4 wt showed similarly low glutathionylation activity when compared with the

CLIC1 wt protein under these conditions, as did CLIC1-Cys24A.
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Figure 4. 6 Assaying the glutathionylation activity CLIC1 and CLIC4. The change in
tryptophan fluorescence indicates the rate of peptide (SOLWCLSN) glutathionylation by
recombinant human CLICs in the presence of GSSG. The results are representative traces
from three replicates. Error bars represents the standard deviation of three independent

measurements.

4.5. 12 In vitro deglutathionylation assay using CLIC1, CLIC1 mutants and the

CLIC-like protein (Exc-4)

To determine if members of the CLIC protein family participate in the glutathionylation
cycle we adapted a peptide-based tryptophan fluorescence quenching assay that has been
previously used to measure the deglutathionylation activity of glutaredoxin (43). A
synthetic peptide incorporating a single cysteine residue adjacent to a tryptophan residue
(SQLWC-[SG]LSN) was used as the substrate. Deglutathionylation by CLIC proteins
were then measured by monitoring the change in fluorescence, which is emitted by

tryptophan as the GSH was removed from the neighbouring cysteine. Figure 4.7 shows
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the change in fluorescence was dramatically increased in the presence of CLIC1 wt
(approx. 200 fold increase over a 3-4 minutes period), but this was not seen with the active
site cysteine 24 mutant (Cys24A) which we have previously shown to also lack
oxidoreductase activity (31). The mutants R29A and R37A exhibit lower
deglutathionylation activity than CLICI wt (almost 2-4 fold lower activity).
Interestingly, the CLIC-like protein (Exc-4) also showed much lower deglutathionylation

activity in the assay compared with CLIC1 wt Figure 4.4.
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Figure 4. 7 Comparison of CLICIwt and it’s mutants in catalyzing the
deglutathionylation of a peptide substrate. The change in tryptophan fluorescence
indicates deglutathionylation of the peptide (SOLWC [SG]LSN) by recombinant human
CLICs in the presence of GSH. The results are representative traces from three replicates.

Error bars represents the standard deviation of three independent measurements.

221



4.5. 13 Invitro deglutathionylation assay using CLIC3 and CLIC3 mutant

The tryptophan fluorescence quenching assay was employed to characterize the CLIC3
protein deglutathionylation reaction. Figure 4.8 showed that the CLIC3 wt protein
catalysed deglutathionylation reaction in a similar manner to the CLIC1 wt protein, albeit
at a lower rate (150- fold increase over a 3-4 minutes period). As seen in Figure 4.8 a
significant increase in the fluorescence in the presence of CLIC3 protein was evident, but
not with the mutant version of CLIC3 (Cys22,25A) where the active site cysteines 22 and

25 where mutated to alanine.
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Figure 4. 8 CLICI wt and CLIC3 wt catalyze the deglutathionylation of a peptide
substrate. CLICI Cys 244 and CLIC3 Cys22,25A4 showed little to no activity. The change
in tryptophan fluorescence indicates the rate of peptide (SOQLWC [SG]LSN)
deglutathionylation by recombinant human CLICs in the presence of GSH. The results
are representative traces from three replicates. The error bars indicate the standard

deviation from three independent readings.
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4.5. 14 In vitro deglutathionylation assay using CLIC4

CLIC4 protein was also assayed in the tryptophan fluorescence quenching assay. As seen
in Figure 4.9, CLIC4 wt showed an apparent lower activity when compared with the
CLIC1 wt in the deglutathionylation assay, which was similar to the levels seen for CLIC3

(approx. a 150-fold increase over a 3-4 minutes period).
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Figure 4. 9 CLICI wt and CLIC4 wt catalyze the deglutathionylation of a peptide
substrate. The change in tryptophan fluorescence indicates the rate of peptide
(SOLWC [SG]LSN) deglutathionylation by recombinant human CLICs in the presence
of GSH. The results are representative traces from three replicates. Error bars represents

the standard deviation of three independent measurements.
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4.5. 15 Effect of chloride ion channel inhibitor drugs on the deglutathionylation
activity of CLIC proteins

IAA-94, A9C and DIDS are known chloride ion channel blockers. Studies showed that
both TAA-94 and A9C block CLIC1 ion channel activity in cells (44). To determine the
effect of IAA-94 on the deglutathionylation activity of CLIC1, CLIC3 and CLIC4; the
CLIC proteins were pre-incubated with the IAA-94 for approximately 1 hour. As seen in
Figure 4.10, IAA-94 was able to completely block the deglutathionylation activity of

CLIC1 wt, CLIC3 wt and CLIC4 wt in the tryptophan fluorescence quenching assay.
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Figure 4. 10 Effect of chloride ion channel inhibitor drugs on the deglutathionylation
activity of CLIC1, 3 and 4. 1 uM of CLIC1, 3 and 4 (WT) was incubated with 10 uM IAA-
94 for 1-hour prior use of the protein in the assay. The IAA-94 completely blocked the
deglutathionylation activity of CLICs. The results are representative traces from three
replicates. Error bars represent the standard deviation of three independent

measurements.
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4.5. 16 The Effect of Pre-incubation with Cholesterol on the deglutathionylation

activity of the CLICs proteins

Impedance spectroscopy studies performed by our group using tethered bilayer
membranes (tBLMs) have shown that the presence of cholesterol in these model
membranes, regulates the ion channel activity of CLIC1 (45). Comparable results were
also obtained with Langmuir film experiments where CLIC1 showed strong preference
for associating with or intercalating into single phospholipid or mixed phospholipid
monolayers containing cholesterol (46). Impedance spectroscopic studies also revealed
that pre-incubation of CLIC1 protein with cholesterol completely diminished ion channel
conductivity (45). In order to determine whether cholesterol had a regulatory effect on
CLIC protein enzymatic activity, experiments were carried out which involved pre-
incubation of CLIC protein samples with cholesterol prior to being assayed with the
tryptophan fluorescence quenching assay. Results showed that the cholesterol completely
diminished the deglutathionylation activity of the CLIC proteins when it was pre-
incubated with cholesterol. As seen in Figure 4.11 the pre-incubation of CLIC1, CLIC3
and CLIC4 wt protein samples with cholesterol greatly inhibited their deglutathionylation

activity compared with non-incubated CLIC1, CLIC3 and CLIC4 wt, respectively.
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Figure 4. 11 Effect the cholesterol on the deglutathionylation activity of CLICs1, 3 and
4. 1 uM of CLIC1, 3 and 4 (WT) were each incubated with 50 uM of cholesterol for 1
hour prior use of the protein in the assay. The cholesterol greatly diminished the
deglutathionylation activity of the CLICs. The results are representative traces from three

replicates. Error bars represent the standard deviation of the three independent

measurements.
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4. 6 Discussion

The impact of post-translational modifications such as phosphorylation and
glutathionylation on protein structure and function are of great significance.
Glutathionylation is relatively less well explored though increasing evidence suggests a
growing curiosity in the mechanisms and role of protein thiol modifications with
glutathione (3). Glutathionylation is the reversible modification (RTM) of proteins by the
addition of a glutathione moiety to thiols exposed on the protein surface. Protein thiols
are sensitive to the immediate redox environment and a slight imbalance in redox
homeostasis may result in their irreversible oxidation to a sulfonic acid form which may
be detrimental to proteins (47). Also, Glutathionylation may be considered as a primary
line of defence raised against oxidative stress and hence the reversal of this thiol
modification is equally essential for a cell to recover protein function when rescued from
an unfavourable environment. Though glutathionylation is strongly associated with
oxidative stress, there are several lines of evidence confirming the occurrence of
glutathionylation in normal physiological conditions, acting as a switch regulating protein
activity (2, 48). The reversal of glutathionylation is largely dependent on catalysts, where

the currently best known ones are the glutaredoxins, thioredoxins and sulfiredoxin (3, 49).

The enzymatic rate of glutathionylation/deglutathionylation by glutaredoxin was
measured by Peltoniemi et al. using an 8 residue long peptide designed to incorporate a
single cysteine residue adjacent to tryptophan (SQLWC[SG]LSN) (43). Tryptophan, an
aromatic amino acid fluoresces when excited at 280 nm. The technique is based on the
principle of tryptophan fluorescence quenching. Any change in the immediate

environment of tryptophan would alter the fluorescence. For example, when glutaredoxin
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glutathionylates the adjacent cysteine residue, tryptophan fluorescence is quenched in a
time dependent manner. Alternately, the peptide was artificially glutathionylated to
measure the deglutathionylation activity of glutaredoxin. On addition of free GSH to the
mix, Grx was found to deglutathionylate the peptide, resulting in a time dependent
increase in tryptophan fluorescence. Furthermore, GST Q1-1 has been shown the ability
to deglutathionylate the artificially synthesised peptide (1) in similar manner to the
glutaredoxin proteins (43). The technique is well suited to test the activity of potential
glutathionylating/deglutathionylating candidate enzymes such as GSTs. Thus, we have
characterized the ability of CLIC proteins to catalyse deglutathionylation in vitro using

the same 8 amino acid artificially synthesised peptide (1, 43).

Our most important overall findings from these studies demonstrate for the first time that
the proteins CLICI1, 3 and 4 preferentially catalyse the deglutathionylation over the
glutathionylation of peptides / proteins (of which physiological targets are yet to be
determined) similar to the glutaredoxins and GSTO1-1 enzymes (1, 43) (Figures 4.7, 4.8
and 4.9). These findings implicate the CLICs proteins as putative participants in the
cellular deglutathionylation cycle. Furthermore, our results showed that CLIC1 seems to
have a higher deglutathionylation activity compared to CLIC3 and CLIC4, as seen in
Figures 4.8 and 4.9. While the nematode CLIC-like protein, exc-4 was found to have
significantly lower activity compared to all the tested human CLICs. The studies using
the Cysteine mutants confirmed that the redox active Cys24 in CLIC1 and Cys22,25 in
CLIC3 are critical for their deglutathionylating activity, Figures 4.7 and 4.8. These

findings also support our results from Chapter 2, that showed elimination of the
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oxidoreductase enzymatic activity of CLIC3 following the changes of these two

Cysteines 22 and 25 to Alanine.

In considering what would account for this difference in the deglutathionylation activity
of CLIC3-wt compared with CLIC1-wt, one could speculate that the dithiol active site
motif in CLIC3 (CPFC) rather than the monothiol active site motif of CLIC1 (CPFS) is a
factor. In support of this is the data published by Menon and Board (2013) (1) who tested
CLIC2 - the other dithiol member of CLIC family - in the same assay and found it had

little to very low deglutathionylation activity, compared to GSTO1-1.

As to why CLIC4 activity was lower than CLIC1, this is less clear. Given that CLIC4 and
CLICI1 contain one cysteine residue (CPFS) in their identical active site and would
catalyse the deglutathionylation activity via similar monothiol mechanisms, there are
however a number of distinct primary amino acid sequence differences between them.
Therefore, it is likely that these surrounding amino acid differences have an impact on
their respective active site, either by subtle changes in the structure of the active site or
the chemical environment (charged residues, hydrophobicity etc) which could determine
specificity of substrate binding and specific targets interactions, under normal

physiological conditions.

The low activity demonstrated by the nematode protein Exc-4, could be largely put down
to the fact that it does not contain the redox active Cysteine (Cys24 equivalent in CLIC1)
but instead has the sequence, DLFC at its active site, with a polar, aspartic acid in place
of the redox active Cysteine. In addition, the absence of a proline within this site could
also arguably change its reactivity. However, X-ray crystallography studies of Exc-4

confirm that its structure around its active site is similar to the human CLICs despite these
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differences (50). Further detailed studies would therefore be needed in order to better

define these differences in activity between the various CLICs and CLIC-like proteins.

Further support of the CLIC proteins playing distinct, targeted roles in protein cellular
deglutathionylation is via structural studies of CLIC1, that show its GSH binding site is
along a groove or open slot (51). This slot or groove could be a binding site for large,
extended macromolecules such polypeptides, and it was suggested that the binding of a
polypeptide could complete the GSH site and thus enhance its GSH binding affinity, as
has also been found with Grx1 (50, 51). Previous structural studies of the glutaredoxins,
with their C-terminal active-site cysteine mutated to serine, in mixed disulfide with GSH,
implicated a number of conserved residues in the interaction of Grx with the GSH moiety.
These mutants include Tyrl3, Thr58, Val59, Tyr72, Thr73, and Asp74 in Escherichia
coli Grx1 and residues in analogous positions in human Grx1 (51). These variants showed
a significant decrease in the enzymatic activity, suggesting that all the surrounding active
site residues contribute to the GSH interaction site, via changes to the nature of the
intermediate formed in the first reaction from Grx-GSH mixed disulfide to the Grx-
peptide mixed disulfide (51). Additionally, it has been found that the allelic variants of
the GSTO1-1 showed a significant difference in their deglutathionylating activity. The
variant D140 exhibited deglutathionylation activity of almost half that of the more
frequent (wildtype) A140 isoform (1), while the K208 variant was shown to have

approximately five times less activity than the E208 allelic variant (52).

To further investigate the effects of other point mutations located near the active site and
investigate their effect on the deglutathionylation activity of CLIC1, we performed

deglutathionylation assays on mutant versions of CLIC1 and compared the results to that
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of CLIC1-wt. As seen in Figure 4.7, the CLIC1 mutants (R29A and K37A) showed lower
deglutathionylation activity compared to CLIC1-wt. These two residues were targeted as
they are the only two (positively) charged residues in the entire putative transmembrane
domain of CLIC1 (PTMD located between residues 24 — 46 in CLIC1), which also
contains the enzymatic active site (CPFS in CLIC1 — commencing at Cys24). Previous
studies demonstrated that the mutation of these two charged residues in the PTMD, led
to significant changes in CLIC1’s biophysical ion channel properties, including a change
in the channel open probability (53). In the present study, the deglutathionylation activity
of both mutants was reduced to less than half the activity of CLIC1-wt (Figure 4.7). The
substitution of the two positive residues, (R29A) and (K37A) to neutral Alanine (Ala),
located adjacent to the GSH binding site in CLIC1 protein therefore not surprisingly seem
to affect the GSH interaction and hence the binding specificity of CLIC1. This result also
coincides with our finding in Chapter 2, where these mutants showed lower

oxidoreductase activity in the HEDS assay compared to the CLIC1-wt.

Our group at UTS has undertaken comprehensive studies of the regulatory role of
cholesterol and other sterols on the membrane insertion and ion channel activity of CLIC1
(45). Furthermore, our group has previously shown that cholesterol had no clear obvious
effect on the protein’s enzymatic oxidoreductase activity when tested in the HEDS assay
(31). However, in this present study, our results clearly show that pre-incubation of
CLIC1, 3 and 4 proteins with cholesterol reduced their deglutathionylation activity, as
seen in Figure 4.11. These findings suggest that pre-incubation of the protein samples
with cholesterol results in the formation of a relatively stable interaction (pre-complex)

between the proteins and the cholesterol in the aqueous phase. Considering that the
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CLICs proteins have a GXXXG motif adjacent to the enzyme binding site, one may
assume that binding of cholesterol interferes with the protein’s enzymatic activity.
Analysis of the amino acid sequences done previously by our group (45) has revealed a
GXXXG motif in the N-terminal domain that is highly conserved amongst all the human
CLIC proteins, several members of the Cholesterol Dependant Cytolysins (examples:
listeriolysin, perfringolysin-O) (45) as well as several human membrane proteins

(examples: glycophorin-A, ErbB receptor, G-protein coupled receptors) (54).

Previous impedance spectroscopy studies using tBLMs have shown that the ion channel
activity of CLIC1 is cholesterol-dependent and pre-incubation of CLIC1 with cholesterol
completely abolished its ion channel activity (55). Our group has also demonstrated using
Langmuir monolayer film technique, that cholesterol regulates the autonomous insertion
of CLIC1 into model membranes and pre-incubating CLIC1 with cholesterol resulted in
the formation of a CLICIl-cholesterol pre-complex which prevented the membrane

insertion of the pre-incubated CLIC1 protein (56).

Furthermore, our results also show that cholesterol appears to have a different effect on
the three different CLIC proteins studied, as shown in Figure 4.11. The
deglutathionylation activity of CLIC3 and CLIC4 were more obviously reduced
compared to CLIC1. These findings raise questions whether the cholesterol binds with
the same affinity to the different types of CLICs proteins, which warrants further
investigation to elucidate more details about the structure of the CLICs-cholesterol

complex and its apparent regulation of the enzymatic activity of these proteins.

232



Previous electrophysiological studies by our group and others, has demonstrated that
CLIC1 channel activity was blocked by IAA-94 and A9C but not by DIDS (44). Also,
our group has shown that the IAA-94 inhibits the oxidoreductase enzymatic activity of
the CLIC proteins via the HEDS assay (31). Thus, to evaluate the drugs effect on their
deglutathionylation activity in this current assay system, the CLIC proteins were pre-
incubated with the IAA-94 drugs for an approximately 1 hour, prior to them being assayed
by the tryptophan fluorescence quenching assay. The results showed that the drug IAA-
94 was also able to completely block the deglutathionylation activity of CLIC1, CLIC3
and CLIC4 (Figure 4.10).

Furthermore, these findings are consistent with the structural and evolutionary
relationship between the GST and CLIC families as IAA-94 is a homologue of ethacrynic
acid (57) which is a known inhibitor of the enzymatic activity of a number of GSTs (58)
a point also noted on the determination of the structure of CLIC1(5). In fact, the transition
of CLIC1 from the soluble form to the integral membrane form is likely to result in a
complete disruption of the thioredoxin-like N-terminal domain of the CLIC1 GST fold
(5, 59-61). Hence if IAA-94 binds to the soluble form of CLIC1 in the cleft between the
N-domain and the C-domain, as is known from the structures of the GST proteins (62,
63) it may be argued that it would be unlikely to bind directly to the integral membrane
form as this binding site would no longer exist. Along these lines, we assumed that the
drug IAA-94, acts by binding near the active site of the soluble form of CLICs proteins
thus inhibiting its deglutathionylating activity and enzymatic activity and consequently it
suggests that its channel activity, is under the control of the enzymatic activity of the
soluble form of the proteins.

Putative Physiological Targets for the CLIC Proteins Deglutathionylating Activity
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The CLICs proteins likely target specific protein substrates just like GSTO, which has
been shown to target actin for deglutathionylation (1). The study showed actin was
glutathionylated only in the control cells but not in the GSTOI1-1 expressing cells,
confirming that GSTO1-1 is required for the deglutathionylation of B-actin (1). Similarly,
our results from Chapter 2 showed that the CLIC3 protein interacts with TGM2 —
therefore it is likely that it is through its deglutathionylation activity that it regulates this
protein’s activity (64). As such, CLIC3 and other CLICs likely have their own set of

specific targets which would be location and condition specific.

Members of the Glutathione transferase family have been well characterized with
excellent ability to catalyse the conjugation of glutathione to a range of xenobiotics (14).
A relatively new hypothesis proposed previously questioned the possibility of extending
GST-catalysed glutathione conjugation reactions to protein substrates (65). So, what
could this activity be used for in cells? Though the GSTs have been shown to regulate
signal transduction via direct protein-protein interactions (66, 67), GSTP was the first
member identified to catalyse protein glutathionylation. The mechanism of
glutathionylation by GSTP was shown to be similar to that of typical GSH-conjugation
reaction with xenobiotics specifically by lowering the pKa of GSH by the active site
tyrosine residue (68, 69). Subsequently, apart from an enzyme’s affinity towards a protein
target, the susceptibility of the target cysteine residue is also determined by its pKa value
which in turn is influenced by the polarity of residues in its immediate environment, either
adjacent to the cysteine or in close proximity due to the protein’s tertiary structure (70).

Furthermore, it has been found that the active site Cysteines surrounded by basic amino
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acids such as histidine which could be more susceptible to glutathionylation by lowering

the pKa of the cysteine residue (70).

Genetic variation at the CLICs protein locus has previously been linked to the age at onset
of Alzheimer’s and Parkinson’s diseases however a direct functional mechanism has
never been identified (71-73). It is reasonable to speculate that differences between family
members of CLICs proteins via the deglutathionylation processes could play an important

role in the progression of the pathology of different diseases states.

4. 7 Concluding Remarks

Post-translational modifications (PTM) can alter both the functional and structural aspects
of proteins. This project investigated the putative biological roles of the CLIC proteins
with a focus on one such protein modification known as glutathionylation wherein thiol
(-SH) groups in proteins are protected from irreversible oxidation by the addition of
glutathione via disulphide bonds. The reaction may be spontaneous or can be catalysed
by members of the Glutaredoxin (Grx) family of thioltransferases (28). Therefore,
glutathionylation may be seen as a defence mechanism to protect proteins from oxidative

stress induced irreversible damage.

In recent years there has been increasing interest in the role of glutathionylation in a wide
range of cellular processes including, energy metabolism, signalling and apoptosis, cell
cycle regulation, ion channel modulation, calcium homeostasis, regulation of cytoskeletal
structures, protein folding and gene regulation, reviewed in (74, 75). As a result of its

impact on cellular processes, aberrant glutathionylation has been implicated in the
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pathology of a number of clinically significant diseases including Alzheimer’s disease,
Type 2 diabetes, cystic fibrosis, cataracts and cancer (32, 34, 68, 69, 74).

Because of the increasing recognition of the biological and clinical importance of
glutathionylation, a range of techniques have been developed to identify, and locate
glutathionylated proteins and to determine the level of glutathionylation in cells.

The results of this chapter provide strong evidences to the important regulatory role of
CLICs proteins in the deglutathionylation cycle. A previous study showed that the
GSTO1-1 was found to catalyse the deglutathionylation of protein thiols in vitro (1).
There is a high structural similarity between GSTO1-1, glutaredoxin and CLICs proteins,
a thiol transferase catalysing enzyme, and its inability to recognize specific substrates
typical of other GSTs, it was clear that its primary function remained to be elucidated. It
is however clear that the CLICs proteins also catalyse protein deglutathinylation.

Taken together with observations that members of the CLICs proteins family, which are
known to function as ion channels when integrated into membranes, also demonstrate
glutaredoxin-like enzymatic activity when found in their soluble form (Chapter 2). This
supports an additional role for these proteins in the cellular processes of detoxification

and oxidoreduction via the glutathionylation cycle.
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Chapter 5

5.1 Key findings and Conclusions

This PhD project has extended our knowledge around the functional activity of members of
the CLIC protein family. In particular CLIC1, CLIC3 and CLIC4 were studied. These
proteins are well known to function as ion channels when integrated into membranes, but
they also demonstrate glutaredoxin-like, glutathione-dependent oxidoreductase enzymatic
activity, with this being the first study to demonstrate this function for CLIC3 (Chapter 2).
The CLICs resemble the activity of the GST-Q and the monothiol glutaredoxin proteins. In
addition, in a broader sense, this project also aimed to demonstrate the ability of the CLIC
proteins to act as oxidoreductase enzymes, providing a protective role against oxidative stress
within cells. For this we were able to show that they serve to protect cells against oxidative
damage and circumvent oxidative stress within cells via an in-situ cell model system (Chapter
3). Furthermore, this study identified a novel capability of the CLIC proteins in the

deglutathionylation of protein targets (Chapter 4).

Previous studies by our lab group have shown that the soluble CLIC protein members CLIC1,
CLIC2 and CLIC4, are able to function as enzymes that resemble the activity of the GST-Q
and the monothiol glutaredoxin proteins (1). Our group also demonstrated that the residue
Cysteine 24 plays a critical role in the enzymatic activity of CLIC1, via mutation of Cys24
to either serine or alanine, which caused the full elimination of the enzymatic activity of

CLIC1 in the HEDS enzyme assay.

The current study results in Chapter 2 have shown that the soluble CLIC3 protein exhibits

glutaredoxin-like thiol transferase activity using the chemical substrate 2-hydroxyethyl
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disulphide (HEDS) in a similar manner to the CLICI protein (Figure 2.12). Interestingly,
mutating both Cys 22 and 25 to Alanine in CLIC3 resulted in complete inhibition of its
enzymatic activity, while mutating only Cys22 to alanine, resulted in a substantial decrease
in its enzymatic activity but not total inhibition. This confirms that both Cys22 and Cys25
residues in CLIC3 are essential for its oxidoreductase enzymatic activity and thus it’s

characterisation as a dithiol active G-site enzyme, Figure 2.17.

Our collaborators at the Beatson Institute for Cancer Research - Glasgow University, showed
that the CLIC3 protein is secreted from Cancer Associated Fibroblasts as well as from MDA-
MB-231 breast cancer cells (2) and it has previously been shown to be localised to late
endosomal compartments in cells (3). Interestingly, CLIC3 was further identified as a protein
that was expressed at significantly higher levels in Cancer Associated Fibroblasts than
Normal Fibroblasts. Also, the team in Glasgow found an additional secreted protein whose
levels increased in parallel with CLIC3; this was transglutaminase 2 (TGM2). Given our
discovery describing several CLIC member’s thioredoxin activity (1), and studies indicating
that thioredoxin activates TGM2 (4), jointly our teams collaborated to complete studies
proving that CLIC3 has oxidoreductase activity and thus could reduce the disulfide bonds of
the enzyme TGM2 and hence regulate its enzymatic activity. This information has led to the
discovery that extracellular secreted CLIC3, uses its oxidoreductase activity to drive cancer
progression, cancer cell invasiveness and angiogenesis via a TGM2-dependent process.
Because of CLIC3’s ability to drive these TGM2-dependent invasive processes requires
‘active site’ cysteine residues in CLIC3’ thioredoxin fold, it was proposed that the role of
extracellular CLIC3 acts via a redox mechanism to influence TGM2 function to promote
integrin-dependent cell invasion. Considering the oxidoreductase activity, CLIC3 likely
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activates TGM2’s enzymatic activity via a thioredoxin-like mechanism, which leads to
increased ECM stiffness followed by integrin activation and signaling. This corresponds with
data showing that CLIC3 and TGM2 are upregulated in cancer. In addition, TGM2 has been
shown to be upregulated in several cancers such as pancreatic adenocarcinoma (5), breast
carcinoma (6) and ovarian carcinoma (7). In addition, CLIC3 upregulation has been shown
to lead to a poorer survival in pancreatic and ovarian adenocarcinoma patients (3).

It is becoming increasingly clear that the CLIC proteins are emerging as important players in
the cancer field. The following points are included in support of this idea. There have now
been several reports connecting CLIC family members to carcinomas in vivo and indicating
their potential suitability to serve as cancer biomarkers. In humans, members of the CLIC
family have been linked to nasopharyngeal carcinoma, gastric cancer, hepatocarcinoma,
colorectal cancer, gallbladder carcinoma, ovarian and breast cancer (8-10) (further details
covering the role of the CLIC proteins in cancers were also included in Chapter 1).
Interestingly, CLIC1 has been observed to be secreted by cancer cells and to be detectable in
serum and plasma samples of cancer patients (11, 12). CLIC4 has been found to drive tumour
cell growth through alterations in the transforming growth factor (TGF-f) signaling within
stromal cells (13), while CLIC3 increases invasiveness by driving integrin recycling (3).
Several studies also pointed to highly expression of the CLIC proteins in tumours (12-15). It
now remains to determine the precise mechanisms by which the CLIC proteins perform these
activities in cancer and to determine what unique activities are performed by each CLIC
member. As such, our studies provide important new clues on the functional activities of the
CLIC proteins as enzymes, allowing further studies on how they are regulated in normal

versus cancer cells.
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Structural studies have identified that the CLIC proteins can exist in two different
conformations in cells; a soluble globular form comprising a GST-fold, that possesses
thioreductase activity; and another confirmation displaying amphiphatic helical regions,
capable of inserting into cell membranes, which enables Cl- transport across membranes.
However, it is now clear they are also found as extracellular secreted proteins. One could
therefore speculate that this ability of the CLICs to switch between the soluble globular and
the membrane-inserted confirmation, might also serve as a mechanism via which CLIC
proteins permeate the plasma membrane and leave or are secreted by cells (16, 17).
Furthermore, their presence on extracellular vesicles such as microparticles and exosomes is
also another new location indicating potential roles in cell-cell communication, in addition
to their functions ranging from Cl- channels, to molecular scaffolds, to functioning as
oxidoreductases enzymes (18).

One of the most exciting findings from this PhD study was demonstrating that the CLIC
proteins help to maintain cellular hemostasis and participate in crucial roles in a cell’s defense
against oxidative stress in the presence of oxidants. Over exposure of proteins to ROS can
result in the irreversible oxidation of protein thiols and subsequent loss of activity and
proteasomal degradation. Chapter 3 of this thesis describes the successful demonstration that
CLIC1 and to a lesser extent CLIC3, could act as cell protective proteins, possessing cellular
antioxidant activity. In our experimental model we observed significantly higher tolerance to
different concentrations of the oxidant H>O by bacterial E. coli cells expressing the protein
CLICI in comparison to the respective control bacterial E. coli cells. Furthermore, the mutant

form of the CLIC1 protein lacking the critical cysteine24 residue in the enzymatic active site
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did not provide this same protection. Further experiments are now required to elucidate the
precise mechanisms by which CLIC proteins provide this cellular antioxidant activity and
also demonstrate this in a eukaryotic cell system. However, it is not unreasonable to assume
that the CLIC proteins may either be reducing or deglutathionylating protein cysteines that
become glutathionylated and thus protecting them from irreversible oxidation and / or
restoring their activity. However, this study demonstrates for the first time the direct cellular
antioxidant activity by members of the CLIC protein family. It also strongly points to CLIC1
likely acting as a stress response protein inside human cells and further supports classification
of these proteins as moonlighting proteins, with two distinct functions — membrane ion
channels and antioxidant oxidoreductase enzymes.

The focus of Chapter 4 of this thesis was de/glutathionylation which is mainly considered as
an oxidative stress triggered protein modification. Previous studies provide evidence
indicating that some proteins can be actively deglutathionylated in response to oxidative
stress (19). Deglutathionylation regulates protein activity in two ways, firstly by indirectly
changing protein charge and redox state and secondly by directly binding to proteins and
forming disulphide bonds (20). This reaction is known to be catalysed by members of the
Glutaredoxin (Grx), Glutathione transferase Pi (GSTP), Thioredoxin (Trx), Protein
disulphide isomerase (PDI), Sulfiredoxin (19).

Furthermore, glutathionylation has been shown to have an important role on the regulation
of the cell cycle, apoptosis and inflammation (21-23), as well as the contractile activity of
actin and the phosphatase activity of Protein Tyrosine PhosphataselB (24, 25). Thus, the
mechanisms and catalytic mediators of the glutathionylation cycle are of great interest under

both oxidative and non-oxidative conditions. Since glutathionylation has also been
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implicated in the pathology of Alzheimer’s disease, Parkinson’s disease, COPD and
inflammation. Therefore, it is suggested here that the CLIC proteins glutathionylation and/or

deglutathionylation activity could be a common factor in these pathologies.

In this PhD study, CLIC proteins were shown to preferentially catalyse the
deglutathionylation of protein thiols in vitro using tryptophan fluorescence quenching assay
(26) (27). Our results in Chapter 4 also showed that the CLIC1-wt and CLIC3-wt, exhibit
high deglutathionylation activity, however their corresponding mutant forms CLIC1-Cys24S
and CLIC3-Cys22,25A, lacked this activity, thus confirming the critical role of the active site
cysteines in this process. It is important to note that the GSH-binding site in CLICs proteins
lies in a relatively open crevice that is large enough to fit interacting proteins. This would
raise the possibility that the specificity of CLICs proteins towards protein targets arises from
the physical (transient) association of the protein target with CLICs proteins, thereby
allowing the glutathionylated residue to bind with the GSH-site and transfer the glutathione

moiety to form a disulphide with the active Cysteine residue.

Glutathionylation and deglutathionylation of proteins has previously been predominantly
attributed to the Grx family thioltransferases (26), amongst others, and more recently also to
Glutathione transferase Omega 1 (GSTO1-1) (27). The current results add the CLIC family

members as novel proteins to the list of enzymes catalysing glutathionylation cycle reactions.
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5.2 Future directions

In this thesis, we have identified several characteristics of the protein CLIC3. We have
determined that CLIC3 functions as oxidoreductase enzyme in vitro and now as we have
shown, CLICs dependent glutathionylation of target cellular proteins can be determined
using cultured cell lines overexpressing CLIC proteins. Additionally, the new discovery that
the CLICs proteins have the functional ability to act as general antioxidants and
oxidoreductase enzymes which suggests a role for them as cell protective proteins. This is
also supported by the structural evidences that the CLICs proteins have a high level of
structural and functional similarity with the GST-Q, Grxs and Trxs with the latter 3 groups
have well-known oxidoreductase class of enzymes. Therefore, the CLIC protein family
should be included as an additional group within this oxidoreductase enzyme superfamily.

Furthermore, the study done by our collaborators at the Beatson institute for cancer research/
Glasgow university/ UK have shown that the CLIC3 protein under reducing conditions, the
possibility to interact with TGM2 and to lead to TGM2 dependent ECM remodeling and
tumour cell invasion. Although evidence that these TGM2-dependent functions of CLIC3 are
sensitive to the redox environment and require CLIC3’s ‘active site’ cysteines (which
suggests a role for CLIC3’s oxidoreductase activity), further studies are needed to identify
and understand the mechanistic details of the interplay between extracellular CLIC3 and
TGM2. For instance, the possibility that CLIC3 affects proteins other than TGM2 to drive
tumour cell invasion must be considered. Moreover, a possible unconventional mechanism
through which CLIC3 is secreted from CAFs needs to be identified and characterized. In
addition, determining the degree to which CLIC3 is secreted by stromal and tumour cells in

vivo and the relevance that this process has to the progression of cancer in humans.
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Our results in Chapter 2 showed that the two positively charged residues: Arginine 29
(Arg29) and lysine 37 (Lys37) located in the putative transmembrane region of CLICI
protein (60), and which are also arranged in close vicinity to the enzymatic active site (see
figure 2.13 in Chapter 2), are likely to have a key role in the enzymatic functional activity of
CLIC1. These same two residues have previously been shown to regulate the ion channel
activity of CLIC1 (60). Further studies are therefore needed to identify other key residues
located near the enzymatic active site of CLIC1 protein. Additionally, further mutagenesis
experiments are needed to substitute other residues in different CLIC proteins, like CLIC2,
CLIC3 and CLIC4 to identify the importance of these residues on the functional
oxidoreductase enzymatic activity of these other CLIC proteins and to discern differences
between the family members that may contribute to distinct functions by each family
member.

In this thesis we also demonstrated for the first time the novel ability of CLIC proteins in the
glutathionylation/deglutathionylation of proteins. Our findings in chapter 4 demonstrated
CLIC1, 3 and 4 proteins have significant deglutathionylation activity with a model peptide
substrate. Given that our degluathionylation activity studies was done in vitro, further studies
are needed to investigate this activity in vivo and using culture cell lines. Considering that
the CLIC proteins participate in the deglutathionylation cycle it now remains to identify
specific protein targets and if there are distinct targets for each member of the CLIC family.
This could help to provide a significant understanding about the role of CLICs proteins in
the oxidoreduction reactions and as post-translational regulators of target proteins via their

deglutathionylation activity.
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These new discoveries strengthen our key hypotheses and support the concept that the CLICs
proteins have a significant and remarkable functions in cells. They also provide novel insights
about functional and structural properties of this family. The six vertebrate CLIC proteins are
believed to have arisen via gene duplication from an ancient chordate and are highly
conserved across species throughout evolution (18). Given all of this information, we are
only now coming to appreciate their importance, with this current study adding significant
new information supporting that these proteins are significant key players in normal cell

homeostasis and will likely be revealed as key players in a variety of pathologies.
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